



















































































































































































En  este  trabajo  de  tesis  caracterizamos  mecanismos  moleculares  de  la  inflamación  renal  y  de 
respuestas accesorias inducidas por inmunosupresores de la familia de los anticalcineurínicos (ACNs) 
los cuales actuarían como inductoras de respuestas patogénicas asociadas a la nefrotoxicidad. En un 
modelo in  vivo de  nefrotoxicidad  progresiva  por  CsA,  observamos  en  el  riñón  incrementos  de 
citoquinas y quimioquinas proinflamatorias, activación endotelial e infiltración de leucocitos desde 
etapas iniciales del tratamiento y de manera anticipada a la aparición de fibrosis. En este modelo, la 
























































early  stages  onwards  and  also  previous  to  fibrosis  onset.  In  this  model,  renal  expression  of  the 
chemokine CCL20 was particularly high in CsA treated mice. Moreover, CCL20 blockade in these mice 





secreted  in  response  to  CsA  both in  vivo and in  vitro experimental  models.  Moreover,  HMGB1 
nuclear‐cytoplasmic transit inhibition, impeded proinflammatory cytokine expression in tubular cells. 
Furthermore,  TLR4  suppression  blocked  endoplasmic  reticulum  stress  and  the  unfolding  protein 
response (UPR) activation by CNIs which participate in the CNI‐induced inflammatory response. On 
the other hand, TLR4 pharmacological inhibition suppressed the CNI‐induced inflammatory response 
in  endothelial  and  smooth  muscle  vascular  cells,  and  also  in ex  vivo model  of  mouse 





In  conclusion,  results  of  this  study  show  that  CNIs  trigger  a  TLR4‐dependent  renal  inflammatory 
response  leading  to  fibrosis.  In  addition,  TLR4  also mediated  CNI  inflammatory  responses  at  the 
vascular level. In such a way, TLR4 could potentially be a relevant pharmacological target for adjuvant 



































































































































































































































































































































































































































































estímulos  en  el  tejido  diana;  mediadores  solubles  y  efectores  inflamatorios,  y  finalmente,  de 
mecanismos compensadores o reparadores que actúan de forma activa y altamente regulada con el 
fin  de  evitar  una  respuesta  excesiva  conducente  a  la  progresión  del  daño  (1,2).  En  el  riñón,  la 
respuesta  inflamatoria  se  origina  como  un  proceso  regulador  y  compensador  del  daño,  aunque 
también como iniciador del mismo, de modo que juega un papel protagonista en la patogenia tanto 











modo  de  respuesta  compensatoria,  también  ejerce  un  papel  principal  en  la  evolución  del  daño  renal, 




a  estímulos  nocivos  que  inducen  disfunción  y/o  pérdida  de  viabilidad  de  las  células  intrínsecas, 
principalmente endoteliales  y  tubulares,  además de en podocitos  y  células mesangiales  (3–6).  En 
estos tipos celulares se disparan señales intracelulares proinflamatorias, principalmente a través de 
la activación de NF‐κB, que conducen a la síntesis de citoquinas y quimioquinas necesarias para el 





originan,  pueden  perpetuarse  y  ser  determinantes  en  la  progresión  de  la  lesión  renal  hacia  la 
cronicidad  (7,8).  En  la  enfermedad  crónica  (ERC),  la  inflamación  puede  acompañar  de  forma 
subyacente procesos metabólicos mal  controlados  (diabetes),  genéticos  (poliquistosis)  y  procesos 
autoinmunes  con  impacto  renal  (glomerulonefritis  autoinmune).  En  estos  casos,  los  mediadores 




















otras estructuras y  células  intrínsecas del  riñón, y que promueven  la activación y movilización de 
células  del  sistema  inmune  innato  y  adaptativo.  Entre  los múltiples mecanismos  que  disparan  la 
síntesis de estos mediadores proinflamatorios en las células tubulares se encuentran involucrados la 
activación de receptores del sistema inmune innato y por  la acción de moléculas coestimuladoras 















focos  inflamatorios en el  riñón en  respuesta a quimioquinas  secretadas por  las  células  tubulares. 
Además, el propio endotelio también es capaz de producir numerosas citoquinas que actúan sobre 
los  leucocitos circulantes, así  como otras moléculas  involucradas en  la  inflamación  (tromboxanos, 
prostaglandinas, leucotrienos y óxido nítrico) (6). Cuando la inflamación no resuelve la progresión del 
daño,  las  células  endoteliales  disminuyen  su  número  y  pierden  su  funcionalidad,  dando  lugar  a 
disfunciones  vasculares  que  incluyen  pérdida  del  tono  vascular,  aumentos  en  la  perfusión  y    la 
permeabilidad,  menor  adhesión  y  el  transporte  de  células  a  través  de  la  pared  vascular  (7).  La 
inflamación juega también un papel predominante en la enfermedad vascular asociada a la ERC. En 
procesos crónicos como la nefropatía diabética, la lesión glomerular es acompañada por la liberación 






las  complicaciones  más  frecuentes  en  el  trasplante  renal  se  debe  al  efecto  nefrotóxico  de  los 
inhibidores de calcineurina o anticalcineurínicos (ACNs) sobre la vasculatura renal. Los ACNs inducen 
daño  en  las  células  endoteliales  y  vasculares  lo  que  resulta  en  el  incremento  de  la  expresión  de 
factores  relacionados  con  la  inflamación  como  moléculas  vasocontrictoras  (endotelina  o 
tromboxanos), así como una reducción en la producción de factores vasodilatadores (prostaciclinas, 
prostaglandidas y óxido nítrico). Este proceso aumenta  la resistencia vascular y disminuye el  flujo 









El sistema  inmunitario general comprende dos ramas principales,  la  respuesta  inmune  innata y  la 
adaptativa, ambas  importantes en  la génesis y el desarrollo de  la patología  renal. El  componente 
innato de la inmunidad es el responsable de la respuesta inicial a un daño no específico o a ciertos 
antígenos  de  patógenos,  y  compromete  la  participación  de  diferentes  mediadores  solubles 
(citoquinas,  quimioquinas)  y  tipos  celulares  como  neutrófilos,  monocitos/macrófagos,  células 
dendríticas y células natural killer  (NK). Como se puntualizó en el apartado 1.2, el epitelio  renal y 
endotelio vascular, así como otras células  intrínsecas del riñón, participan en la respuesta  inmune 
innata  como células  inmunológicas no profesionales. Por otra parte, el  componente adaptativo o 
















señalización,  desencadenando  cascadas  de  activación  de  señales  que  resultan  en  la  síntesis  y  la 
secreción de factores proinflamatorios contribuyen decisivamente en el proceso inflamatorio (6,17–
20). Estructuralmente, los TLRs presentan un dominio extracelular de reconocimiento de ligando rico 
en  leucinas  (LRR)  y  un  dominio  intracelular  tipo  Toll/IL‐1R  (TIR)  donde  se  unen  moléculas 
adaptadoras. Existen dos clases de TLRs, los ubicados en la membrana plasmática (TLR1, TLR2, TLR4, 










para  la  síntesis  de  citoquinas  y  factores  proinflamatorios  (17,22)  (Figura  2).    Por  su  parte,  la 
señalización a través de complejos proximales  formados por el adaptador TRIF, activa  factores de 
transcripción  de  la  familia  de  los  reguladores  de  interferón  (IRF3,  IRF7)  que  a  su  vez  regulan  la 
expresión génica de Interferones tipo I (IFN‐α, INF‐β) (21) (Figura 2). Los TLRs y vías de señalización 
acopladas por estos receptores están implicados en diversas enfermedades renales, incluyendo daño 




















transcripción  de  citoquinas  y  quimioquinas 
proinflamatorias  a  través  de  la  acción  de  factores  de 
transcripción  como  AP‐1  y  NF‐κB.  Además,  receptores 
intracelulares  como  TLR3  activados  por  DAMPs 
intracelulares, señalizan exclusivamente a través de TRIF, y 







En  respuesta  al  daño  renal  inducido  en  procesos  de  isquemia,  sepsis,  agentes  nefrotóxicos  o 




fuente de citoquinas y quimioquinas proinflamatorias  son  las  células dendríticas, que a  través de 
estos factores establecen múltiples relaciones entre células de la inmunidad innata y adquirida (30). 
Las  quimioquinas  son  un  extenso  grupo  de  citoquinas  quimiotácticas  que  promueven  el 
reclutamiento de leucocitos en el proceso inflamatorio (7,8,27). Además de la capacidad para dirigir 
la migración de células inmunológicas al foco inflamatorio, las quimioquinas participan en procesos 
de  proliferación  y  diferenciación  de  leucocitos  en  diferentes  fenotipos  específicos  de  órgano,  así 
como en el mantenimiento del proceso inflamatorio y en la inducción de la fibrosis. Se ha descrito 





También,  CCL5/Rantes  actúa  como  molécula  coestimuladora  de  la  proliferación  de  células  T. 
Asimismo,  numerosas  quimioquinas  secretadas  por  las  células  tubulares,  estimulan  la  síntesis  de 
factores de crecimiento, esenciales para activar mecanismos de regeneración. (27,31). 
Las quimioquinas se dividen en 4 subfamilias (CXC, CC, C y CX3C) acorde al número y disposición de 
los  residuos  de  cisteína  en  sus  secuencias.  La  síntesis  de  quimioquinas  puede  ser  inducida  por 
citoquinas, activación del complemento, especies reactivas de oxígeno (ROS), señalización por NF‐κB, 





En  modelos  experimentales  de  daño  renal,  se  ha  demostrado  la  participación  de  citoquinas  y 
quimioquinas  específicas  como  mediadores  del  daño  (7,27).  Las  quimioquinas  tipo  CXC  como 
CXCL1/KC, CXCL2/MIP‐2, CXCL3, y CXCL10/IP‐10 están aumentadas en las células tubulares durante 






























disminuyen  la  inflamación  y  la  proteinuria  (32,33).  De  manera  destacable,  el  antagonismo 
farmacológico  de  los  receptores  CCR2/CCR5  en  un  ensayo  clínico  en  pacientes  con  nefropatía 
diabética  disminuyó  la  excreción  de  albúmina  y  creatinina  urinaria  en  pacientes  con  nefropatía 
diabética (177). En las distintas etapas del proceso inflamatorio se requiere la activación de las células 
endoteliales,  fenómeno  que  implica  una  incrementada  expresión  de  moléculas  de  adhesión.  El 
bloqueo  funcional  o de  la  expresión de moléculas de  adhesión  se utilizó  como estrategia para el 
tratamiento  del  FRA  experimental.  Así,  se  demostró  que  la  administración  de  anticuerpos 
monoclonales anti ICAM‐1 así como ratones deficientes en la proteína (ICAM‐1‐/‐) inducen protección 
frente al FRA isquémico (7). Además, el empleo del péptido Bβ(15‐42) bloqueante de la unión de los 









isquemia  renal,  impidió  esencialmente  la migración  de  neutrófilos  (35).  Además,  la  depleción  de 
neutrófilos  circulantes  con  suero  antineutrófilos  o  la  utilización  de  ratones  CD44‐/‐  preservan  la 
función  renal  frente  al  FRA  (7,8).  En  cambio,  en modelos  de  FRA  por  cisplatino,  la  depleción  de 
neutrófilos no previno el daño tubular (8). En la patología renal crónica, un incremento del infiltrado 
renal de neutrófilos promueve el daño glomerular en la nefritis lúpica (36). Además, en enfermedades 





homeostasis,  vigilancia,  respuesta  inmune,  daño  y  reparación  tisular.  En  el  riñón,  los macrófagos 
efectores del fenotipo proinflamatorio M1 median la respuesta inmune asociada al daño, actuando 
como células efectoras o presentadoras de antígeno, conectando  la  respuesta  inmune  innata y  la 
adaptativa.  Además,  existen  macrófagos  reguladores  M2  o  antiinflamatorios,  que  limitan  la 
inflamación  y  participan  en  procesos  de  reparación  (8,24).  Los monocitos  se  infiltran  en  el  riñón 
dañado tras los neutrófilos, diferenciándose en macrófagos y contribuyendo a la inflamación y al daño 
tubular  temprano  (37).  Tanto  el  FRA  como  la  ERC  se  asocian  con  un  aumento  del  número  de 
macrófagos  en  el  riñón  (36).  In  situ,  los  macrófagos  incrementan  su  capacidad  fagocítica,  la 
producción ROS y  la síntesis de citoquinas proinflamatorias, principalmente  IL‐1,  IL‐6,  IL‐8,  IL‐12 y 
TNF‐α  (3,8,37).  Además,  los  macrófagos  producen  metaloproteasas  (MMP),  lo  que  les  permiten 
migrar  a  través  de  membranas  basales  y  de  la  matriz  tubulointersticial  (37).  Estudios  recientes 
señalan que ratones deficientes en el receptor CCR2, así como la depleción de monocitos macrófagos 
con liposomas conteniendo clodronato, reduce el daño renal por isquemia y favorece la reparación 
tisular  (37).  Además,  la  inactivación  de macrófagos mediante  la  inhibición  funcional  de  TNF‐α  se 
correlacionó  con  la  recuperación de  la  función  renal en un modelo murino de nefrotoxicidad por 
cisplatino (37). En modelos murinos de ERC experimental como nefritis lúpica, glomerulonefritis por 


















daño  tubular,  mayor  infiltrado  de  neutrófilos  e  incluso  mayor  mortalidad  en  los  ratones 
deplecionados de DCs comparados con los ratones no deplecionados (8). Estos resultados muestran 
una amplia funcionalidad de las DCs tanto favoreciendo como controlando el proceso inflamatorio. 
Linfocitos. La activación del  linfocito  inmaduro mediante  la presentación antigénica deriva en  la 
diferenciación y expansión clonal de diferentes linajes, entre ellos los LT‐CD4+cooperadores activados 






CD4+  hacia  células  Th17  (productoras  de  IL‐17)  efectoras  y  para  la  generación,  supervivencia  y 
funcionalidad de células T reguladoras (Treg). Por último, la IL‐2 es necesaria para la homeostasis de 
los  LT‐CD8+.  Los  linfocitos  son  importantes  moduladores  de  la  respuesta  inflamatoria  innata  y 
adaptativa en modelos de FRA, participando en las fases tempranas y tardías del daño. Ratones nu/nu 
deficientes en linfocitos T CD4+ y CD8+ exhiben protección frente al daño renal por isquemia, mientras 
que  la  transferencia  de  células  CD4+  en  estos  ratones  restaura  el  daño  renal.  Asimismo,  la 
transferencia adoptiva de células CD4+ restablece la susceptibilidad frente al daño renal isquémico 
en  ratones  RAG1‐/‐  (deficientes  en  LT  y  LB),  y  µMT  (deficientes  en  LB),  que  normalmente  están 
protegidos frente al mismo (3,7,8). Los LT‐CD4+ son importantes mediadores de la nefrotoxicidad por 
cisplatino ya que ratones deficientes en linfocitos T CD4 y/o CD8 tratados con cisplatino, presentan 




o  ratones  deficientes  en  FOXP3,  factor  de  transcripción  característico  de  células  Treg  activadas, 
produjo  un  aumento  de  la  inflamación,  necrosis  tubular  y  pérdida  de  función  renal  tras  el  daño 
isquémico (8,43). Por el contrario, la transferencia adoptiva de células Treg procedentes de ratones 
wild‐type  previno  el  daño  y  disfunción  renal  de  origen  isquémico  y  nefrotóxico,  y  mejoró  la 
supervivencia en estos mismos animales  (8,43). Además, un papel nefroprotector de  la  respuesta 















está  intrínsecamente  relacionada  con  estas  lesiones  ya  que  la  inactivación  de  mecanismos 
proinflamatorios  en  modelos  experimentales  de  FRA  (vías  de  señalización  dependientes  de 
receptores TLR, DAMPs, MAPKs) resulta en una mejoría de las mismas (3,26,46,47). Cabe destacar 
que  las  respuestas  proinflamatorias  generadas  en  los  túbulos,  también  repercute  en  las  lesiones 




los  biomarcadores  KIM‐1  y  NGAL/LCN2  en  los  túbulos  proximales  y  distales,  respectivamente. 
Modelos  experimentales  demuestran  que  KIM‐1  juega  un  papel  importante  en  la  inflamación 





las  células  renales  (49).  Además,  la  inducción  de  NGAL  por  las  células  tubulares  también  es 
consecuencia de su interacción con las células inflamatorias, principalmente neutrófilos, por lo que 
también participa en etapas iniciales del proceso inflamatorio renal (50). Una respuesta inflamatoria 
exacerbada  también  se  relaciona  con  fenómenos  de  muerte  celular.  La  muerte  de  las  células 
tubulares es un factor patogénico especialmente reconocido como desencadenante del FRA. Por otra 
parte,  la  atrofia  tubular  es  característica  del  proceso  fibrótico  iniciado  con  la  lesión  tubular,  o 













parte,  formas  de  necrosis  regulada,  como  la  necroptosis  y  ferroptosis  también  ocurren  en  el 
transcurso  de  la  patogenia  del  FRA  nefrotóxico  (53,54).  A  diferencia  de  la  apoptosis,  la  necrosis 
regulada  es  un  proceso  más  inmunogénico  ya  que  la  pérdida  de  la  integridad  de  la  membrana 






La  desregulación  o  la  ausencia  de  resolución  del  proceso  inflamatorio  conduce  a  un  aumento 
exacerbado de la infiltración de leucocitos en el riñón, principalmente macrófagos, células dendríticas 
y  células  T,  que,  en  estrecha  interrelación  con  las  células  intrínsecas  del  riñón,  incrementan  la 
producción de numerosos factores profibróticos, entre los que destaca fundamentalmente el TGF‐β, 
reconocido como un mediador clave de la fibrosis. Estos factores activan fibroblastos intersticiales, 













También,  factores primeramente descritos  como profibróticos,  como el CTGF,  se han  relacionado 
recientemente con actividad proinflamatoria (60,61). Receptores de la inmunidad innata como TLR4, 
también participa en la fibrogénesis renal, ya que la  inhibición de la señalización de este receptor 
resultó en disminución de  la  fibrosis en modelos de nefritis  tubulointersticial y enfermedad renal 
progresiva (62,63). 
El  mayor  mediador  del  proceso  fibrótico  en  el  riñón  es  la  citoquina  TGF‐β,  principal  producto 
inflamatorio producido principalmente por los macrófagos infiltrantes y el tejido renal que activan 
los  fibroblastos  residentes  para  la  producción  de proteínas  de matriz  extracelular.  Además de  su 
























Figura  3.    Proceso  inflamatorio, 
regeneración, atrofia y fibrosis durante 
el daño renal. La lesión renal iniciada por 
múltiples  factores  induce  la producción 
de  diversos  factores  proinflamatorios 
(citoquinas, quimioquinas, moléculas de 
adhesión)  en  las  células  tubulares  y 
endoteliales  y  en  las  propias  células 





factores  proinflamatorios  (A).  La 
inflamación  es  un  contribuyente 
principal  del  daño estructural  del  riñón 
controlado por mecanismos adaptativos 
de reparación que se activan tanto en las 
células  intrínsecas  como  en  células 
infiltrantes  (macrófagos  M2,  células 
dendríticas, fibroblastos, Tregs). La IL‐10 
es  una  citoquina  antiinflamatoria  clave 
en la etapa regenerativa (B). En ausencia 
de  una  regeneración  efectiva,  el 
microambiente  celular  inflamatorio 
modifica la funcionalidad de fibroblastos 
para  la  producción  de  factores 
























estrés  oxidativo  resulta  en  uno  de  los  procesos  patogénicos más  críticos  implicados  en  el  inicio, 
desarrollo  y  progresión  de  la mayoría  de  las  patologías  renales,  principalmente  del  FRA  (68,69). 
Estudios  recientes  en modelos de  sepsis  e  I/R,  evidencian que  el  estrés oxidativo  juega un papel 
principal en el desarrollo y perpetuación de la inflamación renal, ya que la generación de factores 
















retículo endoplásmico  (RE),  el  cual  también ejerce el  control  homeostático de estos procesos.  La 
excesiva carga proteica y el flujo aumentado de proteínas defectuosas  o mal plegadas en situaciones 
que  afectan  al  normal  funcionamiento  celular,  desencadena  estrés  del  RE  (74,75).  La  Unfolding 






factor  de  transcripción  ATF6  (Activating  Transcription  Factor  6)  (75).  IRE1  es  una  proteína 
transmembrana  que  dimeriza  y  se  autofosforila  para  activarse  en  presencia  de  proteínas  mal 
plegadas.  La activación de la isoforma IRE1α promueve el splicing del gen del factor de transcripción 
XBP1 (ARNm de la X‐box bindingprotein 1) y la posterior codificación de la proteína XBP1s necesaria 
para  la  síntesis  de  genes  implicados  en  la  respuesta UPR  y  ERAD.  PERK  también  es  una  proteína 
transmebrana que oligomeriza, se autofosforila y fosforila al factor iniciador eucariótico eIF2α para 
inhibir la traducción de proteínas, contribuyendo de este modo a reducir la excesiva carga proteica 
en  el  RE  producida  en  condiciones  de  estrés  celular.  Además,  eIF2α  promueve  la  traducción  de 
factores  de  transcripción  implicados  tanto  en  la  síntesis  de  genes  diana  de  la  UPR,  como  ATF4 
(activating  transcription  factor 4),  así  como en  la  inhibición de  la  traducción de proteínas  y en  la 
activación de procesos de muerte celular, como CHOP (C/EBP homoloug protein). Por su parte,  la 
activación y  translocación nuclear de ATF6  también contribuye a  la activación de genes de UPR y 
ERAD.  Bajo  condiciones  de  estrés  celular,  las  tres  ramas  de  la UPR  se  activan  de  forma  rápida  e 













Figura  4.    Vías  principales  de  la  UPR.  El  estrés  del  RE  desencadena  una  serie  de  respuestas  adaptativas 
conocidas en su conjunto como UPR, iniciada a través de la activación de cascadas de señalización dependientes 
de IRE1α (A), PERK (B) y ATF6 (C). Los factores de transcripción efectores de estas vías de señalización (XBP1, 
ATF4,  CHOP,  ATF6)  regulan  la  síntesis  de  numerosos  factores  implicados  en  procesos  celulares  básicos 
(metabolismo de amino ácidos, balance redox, síntesis de proteínas y lípidos, regulación de la muerte celular 
programada).  La  UPR  también  funciona  como  un  mecanismo  implicado  en  la  regulación  de  la  respuesta 
inflamatoria.  Las  vías  de  señalización  iniciadas de  forma primaria  por  IRE1α,  PERK y ATF6 pueden  también 




manifiesto  la participación de esta  respuesta en el desarrollo de diferentes patologías  incluyendo 


















































patologías,  centrándose  en  la  identificación  de  nuevas  dianas  moleculares  para  el  desarrollo  de 
nuevas  terapias,  entre  las  que  podemos  encontrar  inhibidores  de  la  ruta  IRE1α,  de  la  vía  PERK, 
moduladores  de  ERAD,  moduladores  de  la  actividad  de  chaperonas,  chaperonas  químicas, 
potenciadores  de  la  fosforilación  del  factor  eIF2α  así  como  el  uso  de  terapia  génica  (76). 
Recientemente, numerosos estudios en modelos experimentales han comprobado que la inhibición 
de la UPR mejora numerosas patologías renales. Por ejemplo, la utilización en modelos celulares y 
animales  de  chaperonas  moleculares  y  químicas,  protegen  las  células  renales  del  estrés  de  RE 
inducido en FRA. El uso de la chaperona química ácido 4‐fenilbutírico (PBA) reduce el estrés de RE 
por disminución de  la acumulación de proteínas mal plegadas en el  lumen del RE, protegiendo al 








































































esta  tesis,  hipotetizamos  que  mecanismos  de  este  tipo  de  inmunidad,  más  concretamente  la 
activación del receptor TLR4 y respuestas asociadas, podrían ser relevantes en la progresión de la 
toxicidad renal y vascular por anticalcineurínicos y por lo tanto en el desarrollo de patrones de daño 


























































































Todos  los  procedimientos  fueron  realizados  acorde  a  la  normativa  del  Comité  Ético  para  la 
Investigación  Animal  de  la  Comunidad  Europea,  aprobados  por  el  comité  ético  del  Instituto  de 





























Con  el  fin  de bloquear  funcionalmente  el  receptor  TLR4  en  el modelo de nefrotoxicidad por  CsA 
(descrito en el apartado 1.2), un grupo de ratones fue cotratado diariamente con CsA (50 mg/kg/día, 































Ratones  C57BL/6  fueron  cotratados  con  LPS  (0,4  mg/kg)  por  vía  intraperitoneal  y  QM56  (2,5 
mg/ratón) por vía retro orbital. Los ratones fueron sacrificados transcurridas 4 horas de tratamiento. 
Además,  se  realizó  un  segundo modelo  donde  se  establecieron  dos  pautas  de  administración  de 














sacrificados  por  dislocación  cervical.  Tras  abrir  la  cavidad  abdominal,  se  obtuvieron muestras  de 
sangre de  la arteria  femoral y se canuló el corazón por el ventrículo  izquierdo para perfundir con 
suero salino al 0,9%. A continuación, se extrajeron los dos riñones de cada animal, se decapsularon y 
se  dividieron  en  fragmentos  para  su  posterior  conservación.  Uno  de  los  riñones  se  congeló  en 
nitrógeno  líquido  para  posterior  extracción  de  ARN  y  proteínas,  y  el  riñón  restante  se  mantuvo 
sumergido en una solución de paraformaldehído al 4% y posteriormente fue incluido en parafina para 
















2279TM)  se  cultivó  en  medio  DMEM  4500  mg/L  Glucosa  suplementado  con  un  5%  de  SBF 
decomplementado, antibióticos y L‐Glutamina. Las células de músculo liso vascular de ratón (CMLV, 
ATCC® CRL‐2797TM) se cultivaron en medio DMEM 4500 mg/L Glucosa suplementado con un 10% de 









Compuesto  Dosis   Disolvente  Casa Comercial 
Ciclosporina A (CsA)  10 µg/ml  Etanol  Calbiochem 
Tacrolimus (Tac, FK506)  20 µg/ml  Etanol  Calbiochem 
LPS  0,1‐1 µg/ml  H2Od  Sigma‐Aldrich 
LTA  10 µg/ml  H2Od  Sigma‐Aldrich 
PMA  100 ng/ml  DMSO + H2Od  Sigma‐Aldrich 
TNF‐α  10 ng/ml  H2Od  Peprotech 






Compuesto  Diana  Dosis   Disolvente  Casa Comercial 
Salubrinal  eIF2‐α  100 µM  DMSO  Calbiochem 
Ácido 4‐Fenilbutírico 
(PBA)  UPR  10 mM  RPMI 1640  Sigma‐Aldrich 
4µ8c  IRE1‐α  25 µM  RPMI 1640  Calbiochem 
cmpd  IRE1‐α  100 µM  RPMI 1640  Sigma‐Aldrich 
TAK‐242  TLR4  10 µM  DMSO + DMEM Calbiochem 
ZVAD‐fmk  Caspasas  25 µM  DMSO + H2Od  Bachem 
Glicirricina (GA)  HMGB1  1 mM  RPMI 1640  Sigma‐Aldrich 
Apocinina  NAD(P)‐oxidasa  10 mM  DMSO + etanol  Sigma‐Aldrich 
Difenilyodonio (DPI)  NAD(P)‐oxidasa  10 µM  DMSO  Sigma‐Aldrich 















en  PBS  estéril  con  el  fin  de  promover  la  migración  de  macrófagos  hacia  la  cavidad  peritoneal. 
Transcurridos 4 días, los ratones se sacrificaron en cámara de CO2 y posteriormente se les inyectó en 
el abdomen 10 ml de medio RPMI 1640/SBF 10% frío. Tras un masaje suave del abdomen y con la 










fueron  diseccionadas,  aisladas  de  grasa  y  de  tejido  conectivo,  y  divididas  en  segmentos.  Se 
mantuvieron en placas con medio DMEM suplementado con 10% SBF 12 horas a 37 °C para recuperar 
el  estado metabólico  basal  del  tejido.  Posteriormente,  los  segmentos  aórticos  se  incubaron  con 
medio DMEM 1%  SBF  y  se  trataron  con  CsA  o  Tac  durante  6  horas,  en  presencia  o  ausencia  del 









0,3%,  PMSF  0,1%  suplementado  con  el  inhibidor  comercial  de  proteasas  (C0mpleteTM,  Roche 











Las  proteínas  procedentes  de  lisados  celulares  o  tisulares  (30‐50  µg),  o  bien  de  sobrenadantes 
celulares, fueron mezcladas con solución tampón de carga (Tris 1M pH 6,8, Glicerol 30%, SDS 10%, 
azul de bromofenol 0,4%, p/v DTT 7,6%) y desnaturalizadas durante 5 minutos a 95 °C.  Las proteínas 
fueron  separadas mediante  electroforesis  en  geles  de  SDS‐poliacrilamida  (8‐12%)  en  condiciones 








hora  en  agitación  suave.  En  el  caso  de  las  membranas  expuestas  a  los  anticuerpos  secundarios 
biotinilados,  éstas  fueron  incubadas  posteriormente  con  el  reactivo  avidina‐biotina‐peroxidasa 






La  concentración  de  citoquinas  en  sobrenadantes  celulares  fue  determinada  mediante 












extrajo  siguiendo  las  instrucciones  del  protocolo  del  fabricante  para  el  reactivo  TriPure  (Roche 








usando  el  reactivo  High‐Capacitity  cDNA  Archive  Kit  (Applied  Biosystems)  en  un  termociclador 
convencional (PTC‐100, MJ Research Inc) con las siguientes condiciones: 10 min a 25°C, 2 horas a 37 
°C  y  5 minutos  a  85  °C.  La  PCR  a  tiempo  real  se  llevó  a  cabo mediante  el  sistema  de  detección 
secuencial Taqman ABI PRISM 7500 (Applied Biosystems) usando el método ∆∆Ct. Las preparaciones 
se  realizaron con el preparado comercial Master Mix  (Roche Diagnostics)  contienendo  la TaqDNA 
polimerasa activada por calor, así como nucleótidos y tampón necesarios para la reacción, junto con 
la muestra  de  ADNc  y  el  cebador  específico  comercial  de  cada  gen  diana.  En  la misma  reacción 
(multiplex)  o  como  reacción  independiente  (singleplex)  se  añadieron  cebadores  para  amplificar 
también el ARN del gen que codifica la Gliceraldehído‐Fosfato‐Deshidrogenasa (GAPDH) como control 
interno de  la  reacción.  La  secuencia del programa de PCR a  tiempo  real  fue: un paso  inicial de 2 

















durante  1  hora  a  temperatura  ambiente  con  BSA  4%/suero  10%  (de  la  especie  de  origen  del 
anticuerpo  secundario)  en  PBS  para  eliminar  posibles  uniones  inespecíficas.  Posteriormente,  los 
discos se incubaron con el anticuerpo primario toda la noche a 4 °C en agitación suave (Tabla 3). Tras 
lavados con PBS, los discos se incubaron con el anticuerpo secundario durante 1 hora a temperatura 
ambiente  y  agitación  suave  (Tabla  4).  Los  núcleos  se  contrastaron  con  DAPI  (Sigma‐Aldrich)  y 













15  minutos  con  H2O2  al  3%,  mientras  que  las  uniones  inespecíficas  del  anticuerpo  primario  se 
bloquearon utilizando un péptido bloqueante (Santa Cruz, sc‐16240P) diluido 1:50 en PBS/BSA 4% y 
10% de suero procedente de conejo.  Posteriormente se incubó el tejido con el anticuerpo específico 
αTLR4  toda  la  noche  a  4  °C  (Tabla  3).  Tras  lavar  el  tejido  con  la  solución  PBS‐T,  se  incubó  con 
anticuerpo  secundario AlexaFluor® 633 1 hora a  temperatura ambiente y en oscuridad  (Tabla 4). 









H2O;  2,5  CaCl2;  1,2  KH2PO4;  11,1  glucosa  y  0,01  Na2EDTA)  al  30%  de  sacarosa  durante  20 min  y 
finalmente se conservaron en O.C.T a ‐80 °C. Utilizando un criostato se realizaron cortes de 4 µm de 
las  muestras  incluidas  en  O.C.T,  y  se  colocaron  sobre  portaobjetos  tratados  con  polilisina  para 
aumentar la adherencia del tejido. Los tejidos se bloquearon con una solución PBS/BSA 1%/FBS 1% 
durante  1  hora  a  temperatura  ambiente  y  posteriormente  se  incubaron  con  la  combinación  de 
anticuerpos primarios específicos: CD31 (1:50) / p65 (1:50) y α‐SMA‐FitC (1:300) / p65 (1:50) (Tabla 
3) durante  toda  la noche a 4  °C. Tras  lavar el  tejido con  la  solución PBS‐T,  se  incubaron 1 hora a 
temperatura ambiente y en oscuridad con los anticuerpos secundarios: AlexaFluor® 488 / AlexaFluor® 
568 y AlexaFluor® 633 (Tabla 4). Finalmente, los núcleos se tiñeron con DAPI, las muestras fueron 




Para  evaluar  la  producción  de  ROS  (específicamente  O2‐)  en  aorta,  se  utilizó  la  sonda  oxidativa 
fluorescente dihidroethidio (DHE; Invitrogen), compuesto que penetra en las células y al ser oxidado 
por  el  anión  superóxido  se  intercala  en  el  ADN  y  emite  señal  fluorescente  en  rojo.  Para  los 
experimentos  ex  vivo  se  equilibraron  los  segmentos  aórticos  en  KHS‐HEPES  durante  30  min  y 



















a  60  °C,  se  realizó  el  protocolo  de  recuperación  antigénica  utilizando  el  sistema  PT  Link  (Dako 
Diagnostics) con tampón citrato sódico 10 mM ajustado a pH 6 o 9 según la proteína de interés. La 
peroxidasa endógena se bloqueó incubando las muestras 15 minutos con H2O2 al 3%, mientras que 
las  uniones  inespecíficas  del  anticuerpo  primario  se  bloquearon  utilizando  la  solución  PBS/BSA 
4%/suero 10% (de la misma especie en que se produjo el anticuerpo secundario). Posteriormente se 
incubó el tejido con el anticuerpo específico toda la noche a 4 °C (Tabla 3). Tras lavar el tejido con la 
solución PBS‐T,  se  incubó  con anticuerpo  secundario biotinilado o  bien  con  el  sistema Dako Real 
EnVision+  rabbit/mouse  HRP,  1  hora  a  temperatura  ambiente  (Tabla  4).  Tras  lavar  el  anticuerpo 



















Anticuerpo primario       
Antígeno  Dilución  Referencia  Casa Comercial 
F4/80  1:50  MCA497  BioRad 
CD3  Ready to use  A0452  Dako 
ICAM‐1  1:100  sc‐8439  Santa Cruz  
CD31/PECAM  1:100  sc‐1506  Santa Cruz 
NFκB/p65  1:50  sc‐372  Santa Cruz 
p‐IKBa  1:1000  #2859  Cell Signaling 
IKBa  1:1000  sc‐371  Santa Cruz 
p‐IRE1α  1:1000  ab48187  Abcam 
IRE1α  1:200  Ls‐B680  LSBio 
XBP1  1:100 – 1:1000  sc‐32136  Santa Cruz 
CHOP  1:1000  sc‐575  Santa Cruz 
TLR4  1:100  sc‐16240  Santa Cruz 
HMGB1  1:1000  ab18256  Abcam 
COL‐1  1:5000  AB765P  Millipore 
FN‐1  1:5000  AB2033  Millipore 
MIP‐3α/CCL20  1:1000  ab9829  Abcam 
p‐JNK  1:2500  #4668  Cell Signaling  
p‐c‐Jun  1:200 – 1:1000  3270S  Cell Signaling 
FN14  1:50  4403S  Cell Signaling 
CD4  Ready to use  IS649  Dako 
α‐SMA‐FitC  1:300  F3777  Sigma‐Aldrich 
STAT3  1:100  #8768S  Cell Signaling  
MPO  Ready to use  IS511  Dako 
Tubulina α  1:5000  T5168  Sigma‐Aldrich 
Gliceraldheído‐fosfato‐
deshidrogenasa (GAPDH)  1:5000  CB1001  Millipore 
DAPI  1:10000  D9564  Sigma‐Aldrich 
 







Anticuerpo secundario       
Anti‐mouse HRP  1:5000  10196124  General Electric 
Anti‐rabbit HRP  1:5000  10794347  General Electric 
Anti‐mouse biotina  1:5000  AP‐124B  Millipore  
Anti‐rabbit biotina  1:5000  AP‐132B  Millipore 
AlexaFluor® 488  1:250  A21202  Life Technologies 
AlexaFluor® 568  1:250  A11011  Life Technologies 




Gen (ratón)  Código de la sonda  Gen (ratón)  Código de la sonda 
Ccl2/Mcp1  Mm00441242_m1  Irf1  Mm01288580_m1 
Ccl5/Rantes  Mm01302428_m1  Tlr4  Mm00445273_m1 
IL6  Mm00446190_m1  Tnfrsf1/Fn14  Mm00489103_m1 
Icam1  Mm00516023_m1  Lcn2  Mm01324470_m1 
Vcam1  Mm01320970_m1  Ddit3/Chop  Mm011359937_g1 
Edn1  Mm00438656_m1  Ern1/Ire1  Mm00470233_m1 
Sele  Mm01310197_m1  Atf3  Mm00476032_m1 
Col1  Mm00483888_m1  Atf4  Mm00515325_g1 
Fn1  Mm01256744_m1  Atf6  Mm01295317_m1 
PaI1/serpina  Mm00435858_m1  GAPDH  Mm99999915_g1 
TGFβ  Mm01178820_m1  Tlr4  Mm00445273_m1 
cxcl10/IP10  Mm00445235_m1     
Myd88  Mm00440338_m1  Gen (rata)  Código de la sonda 
IL1β  Mm00434228_m1  Ccl2 (MCP1)  Rn005805555_m1 
Havcr1/kim1  Mm00506686_m1  PAI‐1  Rn01481341_m1 
Tnfα  Mm00443260_g1  GAPDH  Rn99999916_s1 
Hmgb1  Mm00849805_m1     
Ccl20  Mm01268754_m1     
Ifit1  Mm00515153_m1     












tubuloinstersticial  asociado  a  un  puntaje  global  de  0  a  21  y  caracterizado  por  los  siguientes 
parámetros: dilatación  tubular, necrosis  tubular, atrofia  tubular,  formación de depósitos en  la  luz 
tubular y vacuolización citoplásmica. A cada uno de estos parámetros se le asignó un puntaje de 0 a 
3.  La  evaluación  de  la  fibrosis  se  llevó  a  cabo mediante  tinción  de  Tricrómico  de Masson  según 
protocolo  establecido  (Bio‐Optical).  A  los  cortes  rehidratados  se  les  añadió  la  solución  de 
hematoxilina de Weigert durante 7 minutos. Seguidamente, los cortes se lavaron y luego se les añadió 
como  mordiente  ácido  pícrico  durante  5  minutos.  Tras  lavar  las  muestras  se  añadió  fucsina  de 
Ponceau y ácido fosfomolíbdico durante 2 minutos. Para finalizar se añadió el colorante verde luz 
durante 10 minutos. Se procedió a deshidratar los cortes, fijar en xilol y montar en DPX (Fisher). Para 







Los  resultados  experimentales  se  analizaron  estadísticamente  mediante  el  programa  SPSS  12.0 
empleando  el  test  paramétrico  de  t  de  Student  y  test  no  paramétrico  de  Mann‐Whitney, 
expresándose  como  la  media  aritmética  ±  error  estándar  de  la  media  (EEM).  Para  la  validación 







































       










1. CARACTERIZACIÓN  DE  LA  INFLAMACIÓN  Y  DE  RESPUESTAS 











de  estas  respuestas  y  moléculas  inflamatorias  en  la  progresión  de  la  nefrotoxicidad  por  CsA  en 
particular y en la inflamación renal en general. La utilización de Sandimmun presenta ventajas sobre 


































días.  Los  datos  se  expresan  como  la  media  ±  EEM  de  3  ratones  por  grupo.  *p<0,05  vs.  Control.                                      
(C) Inmunofluorescencia de ICAM‐1 (verde) en tejido renal de ratones tratados con CsA durante 10 y 20 días. 












































inflamatorio.  Así,  el  continuo  aumento  de  la  expresión  génica  y  proteica  de  los  mediadores 
inflamatorios  (citoquinas  y  quimioquinas,  marcadores  de  activación  endotelial,  receptores  de  la 
inflamación y genes de UPR) a través de todo el período de tratamiento con CsA se correspondió con 


































su  relación  con  la  respuesta  inflamatoria,  se  caracterizó  la  respuesta  de  genes  profibróticos  y  la 
formación de depósitos de tejido conectivo en el modelo in vivo de administración de CsA. En primer 




























La  administración  crónica  de  CsA  en  pacientes  bajo  tratamiento  inmunosupresor  conduce  a  la 
aparición  de  alteraciones  irreversibles  en  los  diferentes  compartimentos  estructurales  del  riñón, 























expresan  como  la  media  ±  EEM  de  3  ratones  por  grupo.  *p<0,05  vs.  Control.    (B)  Microfotografías 
representativas  de  la  tinción  Hematoxilina/Eosina  en  tejido  renal  de  ratones  controles  y  tratados  con  CsA 
























el  capítulo  1),  se  estudió  el  papel  de  TLR4  en  la  inflamación  y  daño  progresivo  mediante  dos 
estrategias  de  inhibición  del  receptor:  cotratamiento  con  el  inhibidor  farmacológico  TAK‐242  y 
supresión génica en ratones knock‐out (TLR4‐/‐). En primer lugar, se analizó la expresión de TLR4 en 




ratones  tratados  con  el  inhibidor  TAK‐242,  la  expresión  de  ambos  marcadores  se  vio 
significativamente  disminuida  (Figura  7A).  En  los  ratones  tratados  con  CsA,  el  aumento  de  la 
expresión génica de TLR4 fue acompañado por el incremento de su expresión proteica detectado por 




























±  EEM  de  5‐8  ratones  por  grupo.  *p<0,03vs.  Control,  #p<0,03  vs.  CsA.  (B)  Imágenes  representativas  de  la 
expresión de TLR4 (rojo) por inmunofluorescencia en tejido renal de ratones control (a), tratados con CsA (c,d) 






TLR4 en  los efectos proinflamatorios de CsA, analizamos  los  riñones de  los  ratones con  inhibición 
farmacológica o molecular del receptor, en comparación con los riñones del grupo tratado solo con 
CsA  y  con  los  del  grupo  control  sin  tratamiento.  El  bloqueo  funcional  de  TLR4  con  TAK‐242  o  la 
deficiencia  del  receptor  en  ratones  TLR4‐/‐  produjo  una  disminución  significativa  de  los  niveles 
transcripcionales  de  citoquinas  proinflamatorias  (MCP‐1,  Rantes,  IL‐6  e  IP‐10);  marcadores  de 
activación  endotelial  (ICAM‐1,  VCAM‐1)  y  del  receptor  inflamatorio  Fn14  inducidos  por  CsA          
(Figura  8A‐B).  De  igual  modo,  el  bloqueo  con  TAK‐242  o  la  deficiencia  génica  de  TLR4  previno 










Figura  8.  La  inhibición  farmacológica  o  deficiencia  génica  de  TLR4  suprimen  la  expresión  génica  de 
mediadores  inflamatorios  renales,  así  como  la  infiltración  de  células  inmunes  en  un modelo  in  vivo  de 
nefrotoxicidad por CsA. (A‐B) Análisis por PCR de la expresión de marcadores inflamatorios en un modelo de 
bloqueo  de  TLR4  con  TAK‐242  (A)  y  en  ratones  TLR4‐/‐  (B)  tras  la  administración  de  CsA  durante  10  días, 
expresados como número de veces incrementado sobre el control (valor del control: 1). (C) Microfotografías 










































































es un  importante mediador de  la  inflamación  renal  inducida por  CsA en el organismo vivo.    Para 
determinar si TLR4 era también un factor clave en la producción de lesiones crónicas, se evaluó el 
efecto de la supresión farmacológica y molecular de TLR4 sobre la generación de fibrosis. Los ratones 

































cultivados.  Se  observó  que  la  estimulación  de  los  fibroblastos  murinos  NRK‐49F  con  CsA  no 
incrementó  los  niveles  proteicos  basales  de  COL‐1  y  FN‐1  secretados  al  medio  extracelular            
(Figura 11A). Sin embargo, la CsA fue capaz de inducir aumentos transcripcionales significativos de 
PAI‐1,  factor  clave  en  el  mantenimiento  de  la  respuesta  fibrótica  renal,  aunque  de  manera 
independiente al bloqueo  funcional de TLR4 con TAK‐242  (Figura 11B).   Por el contrario, TAK‐242 
previno la inducción de MCP‐1 mediada por CsA (Figura 11C). Así, estos resultados sugerían que in 




























que  la CsA produjo un daño  inicial sobre  las células tubulares, detectado a través de  la expresión 
génica de KIM‐1 y NGAL, concomitante al incremento de expresión de citoquinas proinflamatorias 
(Figura 12A‐B). De este modo, los ratones tratados con CsA durante 10 días mostraron un marcado 
aumento  de  los  niveles  transcripcionales  de  KIM‐1  y  NGAL,  respecto  a  la  expresión  basal  de  los 
controles, proceso que  se  vio  revertido en  los  ratones  cotratados  con TAK‐242  (Figura 12A) y en 




























































HMGB1  puede  ser  secretada  al  espacio  extracelular  de  forma  pasiva  o  activa  a  partir  de  células 
necróticas  o  apoptóticas  o  en  respuesta  a  condiciones  de  estrés  en  el  riñón.  En  todos  los  casos, 








































Además, HMGB1  fue detectada  como producto de  secreción en  los  sobrenadantes de  las  células 
tratadas  con  CsA,  pero  no  en  los  controles  sin  tratar  (Figura  14A).  Por  otra  parte,  las  células 




de  TLR4  no  es  un  requisito  para  la  secreción  del  ligando  (Figura  14B).  Acorde  con  este  último 
resultado,  la activación de TLR4 por su  ligando específico LPS,  tampoco promovió  la  liberación de 
HMGB1  (Figura 14B). Por último, cabe destacar que el bloqueo  funcional de  la  transición núcleo‐




























3. PAPEL  DE  TLR4  EN  LA  RESPUESTA  INFLAMATORIA  ENDOTELIAL  Y 
VASCULAR INDUCIDA CsA Y TAC 



























Figura  15.  La  inhibición  farmacológica  de  TLR4  suprime  la  expresión  génica de mediadores  inflamatorios 
inducidos  por  CsA  y  TAC  en  células  endoteliales  y  vasculares.  (A‐B)  Análisis  por  PCR  de  marcadores 
inflamatorios  en  células MS1  (A)  y  CMLVs  (B)  pretratadas  6  horas  con  TAK‐242  (10µM)  y  posteriormente 





3.2 TLR4  actúa  como  mediador  de  la  inflamación  inducida  por  los  ACNs  en 
cultivos ex vivo de aortas de ratón 




diseñó  un  modelo  experimental  de  toxicidad  vascular  por  ACNs  a  partir  de  cultivos  ex  vivo  de 
secciones de tejido aórtico de ratón. El cultivo de los segmentos aórticos tratados con CsA exhibió un 
aumento de expresión y translocación nuclear de p65/NF‐κB, tanto en células endoteliales como en 
células  de  músculo  liso  vascular,  identificadas  mediante  inmunofluorescencia  de  los  marcadores 
específicos CD31 y de α‐SMA, respectivamente (Figura 16A). Por otra parte, los tratamientos con CsA 
y Tac incrementaron la expresión de citoquinas proinflamatorias relacionadas con el daño vascular y 
reguladas  por NF‐κB  como MCP‐1,  Rantes,  IL‐6  y  TNF‐α  (Figura  16B). Además,  los  ACNs  también 
aumentaron  los  niveles  transcripcionales  del  marcador  de  activación  endotelial  ICAM‐1  y  de 













concepto de que  la disminución de  la  respuesta  inflamatoria  inducida por CsA es específica de  la 
ausencia de expresión de TLR4 (Figura 16D). El análisis de los resultados obtenidos en el tejido aórtico 
















































































Figura 17.  La  inhibición  farmacológica de  TLR4 previno  la producción deO2‐/ROS por ACNs en  segmentos 
aórticos  murinos  ex  vivo  y  en  células  endoteliales  in  vitro.  (A)  Microfotografías  representativas  de  la 


















La  respuesta  de  estrés  del  retículo  endoplásmico,  y  particularmente  la  respuesta  UPR,  son 
crecientemente  reconocidas  como  importantes  reguladores  del  daño  y  la  inflamación  en  la 
enfermedad renal experimental (84). Con el objetivo de evaluar el potencial efecto de los ACNs para 
iniciar  respuestas proinflamatorias en  células  tubulares  renales e  identificar  genes de  la UPR que 




no  evidenció  cambios  de  expresión  en  genes  dependientes  de  la  vía  IRE1/XBP1.  Otros  genes 
relacionados  con  UPR  (TRIB3,  Herpud1)  también  incrementaron  sus  niveles  transcripcionales, 



















4.2 Los  inhibidores  de  calcineurina  CsA  y  Tac  activan  NF‐κB  a  través  de  la 
respuesta UPR  
Los resultados del análisis transcriptómico fueron confirmados mediante PCR cuantitativa a partir de 
nuevos experimentos en células MCT  tratadas con CsA y Tac en  idénticas  condiciones que en  los 
ensayos de array, observándose un aumento de  la expresión génica de ATF3, ATF4, ATF6 y CHOP 








Función del gen/categoría Símbolo del gen CsAa FDR CsAb TACa FDR TACb 
Estrés de Retículo endoplásmico/ 
Respuesta UPR  Ppp1r15a/GADD34  5,0  <0,001  6,1  <0,001 
  Atf3  5,1 <0,001 5,1 <0,001 
  Ddit3/CHOP 4,8 <0,001 6,1 <0,001 
  Trib3  4,2 0,001 5,0 0,001 
  Hmox1 2,9 0,0015 3,5 0,006 
  Atf6  2,4 <0,001 2,5 <0,001 
  Phlda1 2,3 0,004 1,6 0,036 
  Ero1l  1,7 0,0023 2,0 0,004 
  Atf4  1,6 0,006 1,6 0,006 























Figura  18.  Los ACNs  incrementan  la  expresión  génica  y proteica de marcadores de  activación de UPR en 
células tubulares. (A) Análisis por PCR de marcadores relacionados con la vía PERK en células MCT tratadas con 
CsA  (10µg/ml) y Tac  (20µg/ml) durante 6 horas, expresados como número de veces  incrementado sobre el 
control  (valor  del  control:  1).    (B‐C)  Western  blot  de  la  isoforma  fosforilada  de  IRE1  (p‐IRE1α)  que  indica 
activación de esta proteína (B) y de la forma procesada (“spliced”) de XBP1 (XBP1s) (C) en células MCT tratadas 
con CsA y  Tac en  tiempos de 1‐6 horas. Además,  en el panel  inferior de  la  figura C  se muestran  imágenes 
representativas de la translocación nuclear de XBP1 en células MCT tratadas con CsA y Tac durante 3 horas 
mediante  inmunofluorescencia  (verde).  Los  datos  se  expresan  como  la media  ±  EEM  de  3‐5  experimentos 
independientes normalizados respecto al basal. *p<0,05 vs. Control, §p<0,02 vs. Control. 
 




































inflamatoria promovida por  los ACNs,  se  investigó en primer  lugar el papel  de  la  vía PERK/eIF2α. 







































































IκBα/NF‐κB  y  la  expresión  de  quimioquinas  inflamatorias  inducida  por  CsA  y  Tac  en  células  tubulares.               
(A) Western blot de  los niveles de expresión de  la  isoforma  fosforilada de  IRE1α  (p‐IRE1α) en  células MCT 
pretratadas con 4µ8C (25 µM) durante 1 hora y posteriormente estimuladas con CsA (10µg/ml) durante 2 horas. 








CsA  y  Tac  por  6  horas.  Los  datos  se  expresan  como  la media  ±  EEM de  3‐5  experimentos  independientes 




Tomados  en  conjunto,  los  resultados  sugieren  que  el  balance  del  conjunto  de  respuestas  que 
conforman la UPR, favorecen el proceso inflamatorio desencadenado por los ACNs en el riñón. En 
particular,  la  activación  de  la  ruta  IRE1/XBP1  se  identificó  como  un  activador  de  respuestas 
inflamatorias  reguladas  por NF‐κB.  Por  el  contrario,  la  activación  intrínseca  de  la  vía  PERK/eIF2α 
















ratones  tratados  con  CsA  (Figura  22C).  Con  el  fin  de  corroborar  los  resultados  obtenidos  en  los 
ensayos  in vitro e  in vivo, analizamos biopsias renales humanas caracterizadas por presentar daño 




























el  modelo  in  vivo  de  nefrotoxicidad  por  CsA  con  inhibición  farmacológica  o  molecular  de  TLR4. 
Mediante tinción inmunohistoquímica del tejido renal se evidenció que el aumento de expresión y 
localización nuclear de IRE1α inducidos por CsA en las células tubulares, se revertía por el bloqueo 

































































propiedades  inmunoreguladoras  de  la  nanomedicina  QM56,  la  cual  suprime  la  expresión  de 
citoquinas proinflamatorias a través de la inhibición de la actividad de proteínas quinasas que regulan 












evaluó  inicialmente  mediante  tinción  inmunohistoquímica  la  presencia  de  células  inmunes 
infiltrantes como un evento resultante del proceso inflamatorio global, observándose un aumento 
progresivo del  infiltrado  renal de neutrófilos  (MPO+) a  las 4 y 24 horas posteriores a  la  inyección 












infiltración  de  células  inflamatorias  en  el  riñón  in  vivo.  (A‐B)  Inmunohistoquímica  del  infiltrado  renal  de 
neutrófilos (MPO+) y células fagocíticas (F4/80+) en ratones control, tratados con LPS y cotratados con LPS y 
QM56 durante 4 horas (A) y 24 horas (B). Las microfotografías son representativas de cada uno de los grupos 















investigando  el  mecanismo  antiinflamatorio  de  QM56  en  modelos  celulares  relevantes  en  el 
desarrollo de la sepsis renal. A fin de evaluar el potencial efecto de QM56 para  inhibir respuestas 
proinflamatorias  asociadas  al  FRA  de  origen  séptico,  células  tubulares  renales  MCT,  células 





















Figura  26.  QM56  inhibe  la  respuesta  inflamatoria  inducida  por  LPS  en  células  tubulares  y  endoteliales 
murinas.  (A)  Análisis  por  PCR  de  la  expresión  de  citoquinas  proinflamatorias  en  células  tubulares  MCT 
pretratadas 1 hora con QM56 (20µM) y estimuladas con LPS (1 µg/ml) durante 6 horas. (B‐C) Análisis por PCR 


























Figura  27.  QM56  suprime  la  respuesta  inflamatoria  inducida  por  LPS  en  cultivos  de  la  línea  celular  de 
macrófagos  murinos  RAW264.7.  (A)  Análisis  por  PCR  de  la  expresión  de  citoquinas  proinflamatorias  en 
macrófagos RAW264.7 pretratados 1 hora con QM56 (20µM) y luego estimulados con LPS (0,1µg/ml) durante 
6 horas. (B) Análisis por PCR de la expresión de dianas moleculares de TLR4 en células RAW pretratadas 1 hora 


































cuya  activación  es  de  fundamental  importancia  para  la  transcripción  de  genes  inflamatorios  por       
NF‐κB  en  macrófagos.  Mediante  ensayos  de  western  blot  de  proteínas  totales,  observamos  un 
aumento en la fosforilación/activación de las MAPKs: JNK, ERK y p38 inducida por el tratamiento con 
LPS en células RAW264.7, efecto que fue  inhibido por el pretratamiento de  las células con QM56 
(Figura  29A).  Además,  en  células  MCTs  y  MS1,  se  corroboró  que  QM56  inhibe  la 

























Para corroborar si QM56 efectivamente  inhibía  la señalización de TLR4 a nivel de  la activación de 
MAPKs, estimulamos células RAW264.7 con ésteres de forbol (PMA), un activador típico de MAPKs a 
través de la proteína quinasa PKC (99), en presencia o ausencia de QM56. En primer lugar, se observó 
mediante  ensayos  de  western  blot  que  el  tratamiento  de  las  células  con  PMA  incrementaba 
notablemente la fosforilación/activación de las proteínas JNK y ERK inducido por PMA, y que este 
efecto era revertido en células pretratadas con QM56 (Figura 30A). Además, se verificó que QM56 













Figura  30. QM56  inhibe  la  expresión  génica  de  IL‐6  y  la  activación  de MAPKs  en macrófagos  RAW264.7 
estimulados  con  PMA.  (A)  Western  blot  representativo  de  la  fosforilación/activación  de  JNK  y  ERK  en 
macrófagos pretratados con QM56 y estimulados con PMA por 1 hora. (B) Análisis por PCR de la expresión de 






De manera  destacable,  y  a  diferencia  de  su  efecto  inhibitorio  sobre MAPKs,  observamos  que  el 
tratamiento con QM56 no impedía ni la fosforilación/activación de IκBα (Figura 31A) ni el tránsito 
desde el citosol al núcleo de p65 (Figura 31B), ambos fenómenos inducidos por el tratamiento con 
LPS.  Estos  resultados  sugieren  que  QM56  podría  regular  la  actividad  transcripcional  de  NF‐κB 












EEM de 3‐5 experimentos  independientes normalizados  respecto a  la  fosforilación basal de  IκBα en células 
control sin tratamiento *p<0,05 vs. Control. (B) Microfotografías representativas de la translocación nuclear de 







De  forma  complementaria,  quisimos  evaluar  in  vitro  si  QM56  era  capaz  de  inhibir  respuestas 
proinflamatorias dependientes de la activación de otros receptores de la familia de los TLRs, como es 
el caso de TLR2, también activado durante el daño renal agudo séptico. Para ello, la línea celular de 
macrófagos RAW264.7  fue estimulada con LTA como  ligando específico de TLR2,  revelando en su 
análisis  por  PCR  un  aumento  en  los  niveles  de  expresión  de  citoquinas  dependientes  de  esta 
activación  como  IL‐6  e  IL1β,  así  como  la  inhibición  significativa  de  estos  genes  mediante  el 
pretratamiento con QM56  (Figura 31). Dado que  los mecanismos de  señalización de TLR4 y TLR2 











media  ±  EEM de  3‐5  experimentos  independientes  normalizados  respecto  a  la  expresión  génica  en  células 
control mantenidas sin tratamiento. *p<0,05 vs. Control. #p<0,05 vs. LTA. 
 
Mediante  el  análisis  de  todos  los  resultados  obtenidos  a  partir  de  la  experimentación  in  vitro, 




























Función del gen/categoría  Símbolo del gen CsAa FDR CsAb TACa  FDR TACb
Quimioquinas y mediadores 
inflamatorios  Ccl20  20,5  0,013  13,5  0,020 
  Ccl2 10,6 0,002 11,6  0,002 
  Ccl5 6,8 <0,001 15,3  <0,001
  Cxcl10 4 0,009 4,6  0,004 
  Ccl7 3,6 0,017 4,7  0,004 
  Ccrl2 2,8 0,006 3,5  0,002 






mediante  PCR  de  la  inducción  de  CCL20  por  CsA  y  Tac  en  células  tubulares  renales  y  en  células 
endoteliales,  dos  tipos  celulares  que  en  resultados  previos  de  esta  tesis  demostramos  estar 
involucrados en la nefrotoxicidad experimental por ACNs. Además, también estudiamos la expresión 
génica de CCL20 en macrófagos, una célula clave en el inicio y mantenimiento de la inflamación. Los 
resultados  indicaron  que  tanto  CsA  como  Tac  indujeron  aumentos  significativos  de  la  expresión 






























in  vivo  de  nefrotoxicidad  por  CsA  los  niveles  de  expresión  renal  de  CCL20.  Así,  detectamos  un 
aumento progresivo de la expresión génica de CCL20 en los riñones de los ratones tratados con CsA 
durante 5, 10 y 20 días (Figura 33A). Los niveles de expresión génica de CCL20 se correlacionan con 















Figura  33.  La  CsA  incrementa  de  forma  progresiva  la  expresión  de  CCL20  en  un  modelo  murino  de 






































































CCL20  promueve  la  migración  de  células  del  sistema  inmune  que  expresan  el  receptor  CCR6, 
principalmente células dendríticas, linfocitos T reguladores (Treg) y linfocitos T productores de IL‐17 


















































10 días  comparados  con  el  grupo de  ratones  tratados  solamente  con CsA  y  control.  Las  flechas  señalan  la 















focos  fibróticos  aislados  detectados  mediante  tinción  de  colágenos  precipitados  en  zonas 
tubulointersticiales. A pesar de que a este tiempo de tratamiento el proceso fibrótico parece no ser 



































































































































al  uso  de  ACNs  se  reconoce  como  un  rasgo  patogénico  de  la  nefrotoxicidad,  sus mecanismos  e 




rechazo  agudo  y  de  la  enfermedad  crónica  del  injerto,  realizado  mediante  el  análisis 
anatomopatológico de biopsias del riñón trasplantado. Por lo tanto, parte de este trabajo de tesis 




crónicos  del  fármaco,  estandarizamos  un  modelo  murino  de  nefrotoxicidad  progresiva  que  nos 





aferentes  y  de  porciones  distales  de  arterias  interlobulares  con  formación  de  depósitos  hialinos 
(arteriolopatía hialina). Además, es característico de este proceso la detección de fibrosis intersticial 
en parches y con un patrón en bandas, y atrofia tubular, consideradas lesiones patognómicas de la 
nefrotoxicidad  crónica  por  CsA  (102,105).  Tanto  el  origen  de  las  lesiones  vasculares  como 
tubulointersticiales y glomerulares podrían reconocer un componente inflamatorio, como se discute 
en  profundidad  más  adelante  (3,26,28,46,47).  Al  respecto,  los  estudios  de  caracterización  de  la 
respuesta  inflamatoria  en  el  modelo  de  nefrotoxicidad  progresiva  por  CsA  indicaron  aumentos 







de  todo  el  periodo  de  tratamiento  con  CsA,  se  correlacionó  positivamente  con  un  incremento 
transitorio en el tejido renal de infiltrado de neutrófilos MPO+, así como por el aumento continuo del 














de  CsA,  sugieren  que  este  proceso  precede  a  la  fibrosis,  y  que,  por  lo  tanto,  podría  ser  un 
condicionante de la nefropatía crónica por CsA. Gran parte de los patrones de daño encontrados en 
la  patología  humana  son  reproducibles,  al  menos  de  forma  parcial,  en  los  modelos  murinos 
experimentales de nefrotoxicidad crónica por CsA. En nuestro modelo de administración sistémica 
de  CsA,  describimos  una  progresión  del  daño  tubular  directamente  relacionado  con  el  tiempo, 
caracterizado  por  dilatación,  vacuolización,  pérdida  de  celularidad  y  formación  de  depósitos 
intraluminales  hialinos  en  las  células  tubulares,  además  de  un  aumento  de  expresión  de  los 
biomarcadores de estrés y daño tubular. A diferencia del marcado efecto proapoptótico de la CsA 
















sido  demostrada  en  ensayos  funcionales.  En  este  sentido,  anteriormente  demostramos  que  una 
actividad  compatible  con  TLR4  media  la  respuesta  proinflamatoria  inducida  por  CsA  en  células 
tubulares  en  cultivo  (90).  De  forma  complementaria,  en  esta  tesis  detectamos  que  la  inyección 
sistémica de CsA induce en el riñón in vivo una mayor expresión de TLR4 y de moléculas asociadas a 
esta vía de señalización. Estos resultados nos alentaron a estudiar el rol  funcional de TLR4  in vivo 





activación  de  TLR4  involucran  la  señalización  a  través  de  rutas  de MAPKs  y  NF‐κB.  A  su  vez,  la 









por  lo  tanto  podrían  ser  mediadores  de  los  efectos  inflamatorios  derivados  de  la  activación  del 
receptor. Se conoce que las MAPKs (especialmente JNK),   STAT3 y NF‐κB están involucradas como 
mediadores  de  la  inflamación  y  daño  renal  en  diversos modelos  experimentales  (46,109).  Así,  el 
bloqueo  de  JNK  y  c‐Jun  previno  el  incremento  de  factores  proinflamatorios  y  la  infiltración  de 


















de TLR4  y  tratadas  con CsA,  la  actividad de  JAK2 no  se  vio  alterada,  a diferencia  de  la  inhibición 
observada en JNK (90,118). Estas observaciones y el hecho de que no haya constancia bibliográfica 














eje TWEAK/Fn14  reduce  la activación de NF‐κB y  la expresión de quimioquinas, así  como el daño 
tubular y la fibrosis (121–123). En relación, los resultados de esta tesis demuestran que CsA induce la 




Dentro  de  los  factores  inductores  conocidos  de  la  síntesis  de  Fn14  se  cuentan  citoquinas 
proinflamatorias como TNF‐α, INFγ y TWEAK en combinación con ambas  (123–125). Por lo tanto, en 
la nefrotoxicidad por CsA, la expresión de Fn14 podría incrementarse por citoquinas proinflamatorias 
producidas  a  partir  de  la  activación  de  TLR4  y  de  este  modo  contribuir  al  mantenimiento  y 
amplificación del proceso inflamatorio desencadenado por CsA. La nefrotoxicidad crónica por ACNs 
se  caracteriza  por  la  aparición  de  fibrosis  progresiva.  Los  resultados  de  nuestro  modelo  de 
intervención  de  TLR4,  ponen  de manifiesto  el  papel  central  de  este  receptor  en  la  fibrosis  renal 
inducida por CsA, ya que su bloqueo regula a la baja la expresión génica de mediadores profibróticos, 
e  impide  la  formación  de  depósitos  de  matriz  intersticial,  fundamentalmente  de  colágeno. 
Previamente, diversas investigaciones demostraron una reducción de la fibrosis renal en modelos de 
UUO  y  cisplatino  desarrollados  en  ratones  TLR4‐/‐,  así  como  en  ratones  wild‐type  con  riñones 
trasplantados proveniente de ratones TLR4‐/‐, sugiriendo la importancia de TLR4 como un mediador 
inicial  de  la  fibrosis  renal  (26,126).  Aunque  estas  investigaciones  y  nuestros  resultados  con  CsA 
destacan  la participación de TLR4 en  la promoción de  la  fibrosis  renal,  el  análisis de  los modelos 
animales  nos  permiten  conocer  si  la  inhibición  de  TLR4  incide  de manera  directa  en  una menor 
síntesis de factores profibróticos, o si por otra parte, se produce como un efecto indirecto, secundario 
a  la  inhibición  del  proceso  inflamatorio.  Dado  que  demostramos  que  la  síntesis  de  factores 
profibróticos  y  la  inflamación  se  producen  de  manera  concomitante  in  vivo,  llevamos  a  cabo 
experimentación in vitro sobre fibroblastos renales para esclarecer la posible sucesión temporal de 
estos  procesos.  Los  resultados  obtenidos  de  estos  experimentos  mostraron  que  la  inhibición 
farmacológica de TLR4 no interfiere en la síntesis de factores profibróticos, aunque sí lo hace en la 



















endógenos  del  receptor.  Al  respecto,  en  esta  tesis  demostramos  que  la  CsA  favorece  el  tránsito 
nucleo‐citoplásmico y la secreción de HMGB1. A diferencia de los activadores típicos de la vía TLR4 
que  promueven  la  secreción  de  HMGB1  de manera  secundaria  a  la  interacción  con  el  receptor, 
observamos mediante estudios mecanísticos que la CsA indujo en células tubulares la secreción de 
HMGB1  a  pesar  del  bloqueo  farmacológico  de  TLR4.  Por  otra  parte,  aunque  la  muerte  celular 
necrótica y apoptótica puede favorecer la secreción pasiva de HMGB1 (91,92), demostramos que este 
es  un  proceso  activo,  independiente  de  los  efectos  proapoptóticos  de  CsA  (124).  Finalmente, 
describimos que la inhibición de la movilización núcleo‐citoplasma de HMGB1 suprimía la síntesis de 
citoquinas  proinflamatorias  inducidas  por  CsA,  por  lo  que  definimos  a  HMGB1  como  uno  de  los 
ligandos de TLR4 implicados en la nefrotoxicidad por CsA. 
El global de estos resultados demuestra que TLR4 es un mediador principal de la inflamación renal 
por CsA,  y  que  la  aparición de  fibrosis  esta mayormente  supeditada  al  fenómeno  inflamatorio. 
Además,  demostramos  que  HMGB1  es  un  activador  necesario  de  TLR4.  Por  lo  tanto,  estos 
resultados  nos  permiten  considerar  al  receptor  TLR4  y  a  su  ligando  endógeno  HMGB1,  como 


















ACNs  inducen  toxicidad  vascular  principalmente  a  través  de  cambios  en  las  propiedades  del 
endotelio,  lo  que  se  traduce  en  la  generación  de  daño  y  disfunción  endotelial,  principalmente 
mediante  la  inducción  de  estrés  oxidativo,  apoptosis,  proliferación/metabolismo,  producción  de 
óxido  nítrico  (NO)  y  síntesis  de  endotelina‐1  (130).  Estos  factores  favorecen  una  respuesta 
inflamatoria endotelial que incluye la síntesis de citoquinas y moléculas de adhesión. No obstante, el 
posible papel de la inmunidad innata y mecanismos inflamatorios asociados en el desarrollo de los 
efectos  vasculares  adversos  inducidos  por  los  ACNs,  no  han  sido  abordados  de  forma  específica 
previamente. 
Diferentes  efectos  de  los  ACNs  relacionados  con  la  inflamación  o  fenómenos  asociados  se  han 
descrito  en  el  endotelio.  De  acuerdo  a  su  carácter  inmunosupresor,  el  pretratamiento de  células 
endoteliales  con  CsA  previno  la  síntesis  de  moléculas  de  adhesión  inducida  por  citoquinas 




(133).  En estudios  realizados en esta  tesis  demostramos que CsA  y  Tac por  sí mismos  inducen  la 
síntesis de genes de activación endotelial, así como de citoquinas proinflamatorias. Además, también 



















CsA  y  Tac  en  el  riñón  y  también  en  la  vasculatura,  evidenciando  un mecanismo  proinflamatorio 
conservado de los ACNs en tejidos donde su acción tóxica se manifiesta en mayor medida. Así mismo, 
también identificamos el estrés oxidativo como un evento clave y dependiente de la activación de 







Como  conclusión,  demostramos  que  TLR4  es  un mediador  principal  en  procesos  de  inflamación, 
activación y disfunción endotelial por ACNs, donde la vía NF‐κB y la generación de estrés oxidativo 
ROS dependen de la activación del receptor. La asociación entre la inactivación de TLR4 y la mejora 
de  la  patología  cardiovascular  se  ha  demostrado  en  numerosos  modelos  experimentales  de 
enfermedad cardiovascular (24,142–144).  
De este modo, el bloqueo de TLR4 puede resultar un potencial tratamiento para la prevención de 























tubular,  así  como  en  la  promoción  de  la  transición  epitelio‐mesénquima  (70,147,148).  Por  el 
contrario,  la activación de  la vía PERK/eIF2α/CHOP por  los ACNs se vio que modulaba a  la baja  la 
respuesta  inflamatoria  en  respuesta  a  TNF‐α  en  células  tubulares  (84).  En  referencia  a  estas 
observaciones, nosotros demostramos que la activación de la vía PERK por inhibición de eIF2α con 
salubrinal  o  tratamiento  con  ACNs  limitaba  la  respuesta  inflamatoria  y  potenciaba 






Evidencias  de  la  activación  de  vías  de  UPR  in  vivo  fueron  obtenidas  en  el  modelo  murino  de 
nefrotoxicidad  por  CsA.  Asimismo,  la  inactivación  farmacológica  o  genética  de  TLR4  en  el mismo 
modelo  previno  la  activación  de  respuestas  dependientes  de  la  UPR  (IRE1α,  CHOP  y  ATF3), 
potencialmente  involucradas en  la  inflamación  y  el  daño  renal  en  la nefrotoxicidad por CsA. Una 
relación entre UPR y señalización por TLR4 fue sugerida en investigaciones previas. IRE1α es un sensor 
de  la  UPR  que  promueve  la  producción  de  citoquinas  proinflamatorias  en  macrófagos  tras  la 
activación  de  TLR4,  señalizando  a  través  de  JNK  en  diferentes  tipos  celulares.  Por  otro  lado,  en 
modelos murinos experimentales de I/R renal y UUO, así como en biopsias de pacientes con ERC, se 
encontró  que  la  activación  de  TLR4  dependiente  de  CHOP  regula  la  transcripción  de  genes 
proapoptóticos  y  promueve  el  daño  y  la  fibrosis  renal  (149–151)  y  que  la  de  ATF3  regula 
138 
 
negativamente  la  señalización  por  el  receptor,  así  como  la  reacción  inflamatoria  y  la  apoptosis. 
También, la sobreexpresión de ATF3 en células tubulares renales atenúa la síntesis de CHOP inducida 
por  CsA  y  la  muerte  celular  (152).  Teniendo  en  cuenta  estos  antecedentes,  nuestros  resultados 
sugieren que la respuesta UPR inducida por CsA sería un fenómeno proinflamatorio subsecuente a la 
activación  de  TLR4  que  permitiría  la  amplificación  de  la  inflamación  y  de  la  muerte  celular  por 
activación de IRE1/JNK y PERK/CHOP, a pesar de la respuesta compensadora del factor ATF3. También 
observamos  la  participación  de  mediadores  ligados  a  la  activación  de  UPR,  específicamente 
































la  fibrosis  y  la  activación,  y disfunción  endotelial  que  caracterizan el  curso de  la nefrotoxicidad  y 
toxicidad vascular por ACNs. Precisamente, estos hallazgos sitúan al TLR4 como un potencial objetivo 










prevención  del  shock  séptico  experimental  asociado  a  infecciones  demostrando  su  eficacia  en  el 
bloqueo  de  citoquinas  inflamatorias  inducidas  por  LPS.  Además,  el  compuesto  CRX‐526  inhibe 
inflamación y fibrosis en modelos experimentales de nefropatía diabética (157). El fármaco TAK‐242 
se  utilizó  en  ensayos  clínicos  para  el  tratamiento  de  la  sepsis,  pero  a  pesar  de  su  seguridad,  el 




macrófagos  in  vitro,  reduciendo  además  la  inflamación  sistémica  en modelos  de  endotoxemia  y 
enterocolitis  necrotizante  (158).  La  proteína NI‐0101  es  un  anticuerpo monoclonal  que  impide  la 




















QM56  sobre  la  inflamación,  ya  que  también  es  capaz  de  suprimir  la  expresión  de  citoquinas  y 
quimioquinas proinflamatorias a  través de  la  inhibición de  la actividad de proteínas quinasas que 




renal  agudo  inducido  por  LPS,  en  el  que  el  cotratamiento  con  la  nanomedicina QM56,  redujo  el 
infiltrado  renal de neutrófilos y de células  fagocíticas. Este modelo nos sugería que QM56 podría 




















polímero‐fármaco,  conocidos  como  nanomedicinas  poliméricas  o  nanoconjugados,  además  de  su 
pequeño tamaño es que constituyen un sistema de transporte y liberación controlada de moléculas 
con actividad terapéutica (162). Diferentes estudios han demostrado firmemente que la conjugación 
del  fármaco  a  polímeros  lineales  naturales  (PGA)  o  sintéticos  (PEG),  disminuye  la  toxicidad  e 
imunogenicidad del fármaco, mejora su  estabilidad, favorece la captación y liberación intracelular, y 
actuación sobre dianas específicas (162).   







































en  modelos  de  glomerulonefritis  autoinmune  experimental  tanto  favoreciendo  respuestas  de 












































Treg,  los  resultados  indican que  la  inhibición  de CCL20 no protege de  la  nefrotoxicidad  e  incluso 
podría favorecerla. Estos resultados podrían ser importantes para investigar los efectos biológicos de 
CCL20,  como  la  activación  de  vías  de  señalización  y  la  síntesis  de  factores  reguladores  de  la 
inflamación  y  fibrosis,  entre  otros,  en  el  tejido  renal  intrínseco  (células  epiteliales,  endoteliales, 
fibroblastos).  














timo  por  inhibir  NFAT  e  impedir  la  síntesis  de  IL‐2  en  linfocitos  T  cooperadores  (171–174).  Sin 
embargo, este hecho no se ha relacionado con  los efectos nefrotóxicos de  la CsA. Al respecto, en 






producida  por  daño  isquémico  y  nefrotóxico  por  cisplatino,  resultando  en  una  mayor  tasa  de 
supervivencia (43,175,176). Por lo tanto, considerando los resultados obtenidos, en el modelo de CsA 
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NF-κBThe calcineurin inhibitors (CNIs) cyclosporine (CsA) and tacrolimus are key drugs in current immunosuppressive
regimes for solid organ transplantation. However, they are nephrotoxic and promote death and proﬁbrotic re-
sponses in tubular cells. Moreover, renal inﬂammation is observed in CNI nephrotoxicity but the mechanisms
are poorly understood. We have now studied molecular pathways leading to inﬂammation elicited by the CNIs
in cultured and kidney tubular cells.
Both CsA and tacrolimus elicited a proinﬂammatory response in tubular cells as evidenced by a transcriptomics
approach. Transcriptomics also suggested several potential pathways leading to expression of proinﬂammatory
genes. Validation and functional studies disclosed that in tubular cells, CNIs activated protein kinases such as the
JAK2/STAT3 and TAK1/JNK/AP-1 pathways, TLR4/Myd88/IRAK signaling and the Unfolded Protein Response
(UPR) to promote NF-κB activation and proinﬂammatory gene expression. CNIs also activated an Nrf2/HO-1-
dependent compensatory response and the Nrf2 activator sulforaphane inhibited JAK2 and JNK activation and
inﬂammation. A murine model of CsA nephrotoxicity corroborated activation of the proinﬂammatory pathways
identiﬁed in cell cultures. Human CNIs nephrotoxicity was also associated with NF-κB, STAT3 and IRE1α
activation.
In conclusion, CNIs recruit several intracellular pathways leading to previously non-described proinﬂammatory
actions in renal tubular cells. Identiﬁcation of these pathways provides novel clues for therapeutic intervention
to limit CNIs nephrotoxicity.
© 2013 Elsevier Inc. All rights reserved.Introduction
Calcineurin inhibitors (CNIs) are key drugs in current immunosup-
pressive regimes for solid organ transplantation. However, both cyclo-
sporine A (CsA) and tacrolimus (formerly known as FK506) are toxic
drugs that may cause acute and chronic nephrotoxicity (Naesens et al.,
2009). The three key biological processes underlying acute and chronic
CNIs nephrotoxicity are kidney cell death, inﬂammation and residual
ﬁbrosis. In acute kidney injury, ﬁbrosis is only evident in later stagesnal y Vascular (Investigación,





ghts reserved.when kidney regeneration fails to fully restore kidney structure and
function. A body of evidence has shown that CsA and tacrolimus
promote tubular cell death and pro-ﬁbrotic changes in tubular cells,
including epithelial-to-mesenchymal transition (EMT) (Berzal et al.,
2012; Justo et al., 2003; Neria et al., 2009). However, there is very little
information on the effects of CNIs on kidney inﬂammation, despite the
fact that inﬂammation plays a key role in nephrotoxic kidney injury in-
duced by some drugs and has been observed in CNIs nephrotoxicity.
Speciﬁcally, the cisplatin-elicited inﬂammatory response in tubular
cells plays a key ampliﬁcation role in cisplatin nephrotoxicity (Pabla
and Dong, 2008).
Inﬂammation is an essential event in the progression of renal
disease. The transcription factor NF-κB is a key promoter of renal in-
ﬂammation that integrates intracellular signals from many stimuli and
drives the expression of cytokines and chemokines (Sanz et al., 2008).
NF-κB contributes to lymphocyte activation following recruitment by
the calcineurin/NFAT signaling pathway. CsA and tacrolimus inhibit
826 C. González-Guerrero et al. / Toxicology and Applied Pharmacology 272 (2013) 825–841calcineurin in lymphocytes, thus hindering the formation of cooperative
NFAT, NF-κB and AP-1 complexes and hence, NF-κB-dependent IL-2 and
IL-8 production and clonal T cell expansion (Granelli-Piperno et al.,
1990; Nishiyama et al., 2005). This antiinﬂammatory effect of CNIs in
lymphocytes contrasts to tubulointerstitial inﬂammation observed in
animals chronically treated with CsA (Ling et al., 2003; Mizui et al.,
2004) or in those with deletion of the α isoform of calcineurin A
(Gooch et al., 2007). However, the molecular mechanisms of kidney
inﬂammation in response to CNIs have not been studied and it is
unknown whether CNIs have direct pro-inﬂammatory actions on renal
cells. The response of tubular cells and leukocytes to CNIs may differ.
Thus, CsA promotes cell death in tubular cells but protects from cell
death in macrophages (Hortelano et al., 1999, 2000).
Numerous molecules and signaling pathways contribute to CNIs tox-
icity. Thus, CNIs elicit mitochondrial injury, endoplasmic reticulum (ER)
stress and activate protein kinases (including MAPK and JAK/STAT) and
caspase cascades to produce apoptosis (Justo et al., 2003; Neria et al.,
2009; Xiao et al., 2013). However, whereas some of these pathways are
also able to recruit NF-κB and elicit inﬂammation in other cellular sys-
tems or in tubular cells exposed to other stressors, their role in the gen-
eration of inﬂammation in CNIs nephrotoxicity has not been addressed.
The Unfolded Protein Response (UPR) is an ancient physiological
adaptive mechanism to cope with potential deleterious protein
misfolding in the ER. CsA- and tacrolimus-induced synthesis of the
UPR protein GADD153/CHOP restrained TNFα-elicited inﬂammation
in tubular cells (Du et al., 2009). This antiinﬂammatory action of CNIs
was proposed to potentially protect renal tissue after transplantation.
However, the fact remains that CNIs contribute to chronic allograft ne-
phropathy, a process characterized by tubulointerstitial inﬂammation.
Innate immunity responses involving toll like receptors (TLR) may
also lead to NF-κB activation during infection as well as during sterile
inﬂammation (Gonçalves et al., 2011; Loiarro et al., 2010). In this regard,
increased TLR2 and TLR4 levels have also been observed in chronic
human CsA nephrotoxicity (Lim et al., 2005, 2009). In resting macro-
phages, calcineurin may restrain TLR basal activity since CNIs favored
TLR downstream signaling (Kang et al., 2007; Loiarro et al., 2010), but
the interaction of CNIs with TLRs in kidney cells has not been explored.
Renal tubular cells compose most of the mass of the functioning kid-
ney and they are thought to be a central cell type in renal inﬂammation
and CNIs nephrotoxicity (Daha and van Kooten, 2000).We have now ex-
plored the hypothesis that CNIs trigger early proinﬂammatory signaling
directly on tubular cells. We show that CNIs engage several protein
kinase-dependent pathways that converge at and result in NF-κB activa-
tion and hence in inﬂammation. Both the UPR and TLR natural immunity
also contributed to NF-κB activation.
Materials and methods
Cells and reagents. MCT cells are a cultured line of murine proximal
tubular epithelial cells originally obtained fromEric Neilson (Vanderbildt
University, Nashville, TN) that have been extensively characterized and
used as model to study renal inﬂammation (Haverty et al., 1988; Sanz
et al., 2008; Ucero et al., 2013). MCT proximal tubular epithelial cells
were cultured in RPMI 1640 (GIBCO, Grand Island, NY) supplemented
with 10% decomplemented fetal bovine serum (DFBS), 2 mMglutamine,
100 U/mL penicillin and 10 mg/mL streptomycin, in 5% CO2 at 37 °C
(Berzal et al., 2012). Human kidney 2 (HK2) proximal tubular epithelial
cell line was cultured in the same RPMI medium supplemented with In-
sulin–Transferrin–Sodium Selenite (100 μg/ml) and hydrocortisone
(5 ng/ml). Cells were depleted of DFBS and stimulated when 70–80%
conﬂuent. Endotoxin free CsA (Calbiochem, Merck Chemicals,
Darmstadt, Germany) and tacrolimus (USBiological, Salem, MA) stock
solutions (both 10 mg/ml)were dissolved in ethanol. Human Embryonic
Kidney 293 (HEK293) cells were grown in high glucose (4.5 g/l) DMEM
with the same additives as RPMI. The following inhibitors (speciﬁcity in-
dicated between brackets) were used at concentration derived fromprior dose–response studies in our lab or from the literature: AG490
(JAK2), SP600025 (JNK), (5Z)-7-Oxozeaenol (TAK1), IRAK1/4
inhibitor, 4μ8C (IRE1α) and salubrinal (eIF-2α) from Calbiochem;
Pepinh-Myd88 (Myd88) and CLI095 (TLR4) from Invivogen (San Diego,
CA); IL-1Rn (IL-1R) from Abnova (Taipei, Taiwan); Parthenolide
(Iκ-Bα), PBA (UPR) and 3-Ethoxy-5,6-dibromosalicylaldehyde (IRE1α)
from Sigma-Aldrich (Spain). Sulforaphane (SFN, Nrf2 activator) was
obtained from Calbiochem.
Transcriptomics arrays. Transcriptomics arrays of MCT renal tubular
cells were performed at Unidad Genómica Moncloa, Fundación Parque
Cientíﬁco de Madrid, Madrid, Spain. Affymetrix microarray analysis
was performed following the manufacturer's protocol. Image ﬁles
were initially obtained through Affymetrix GeneChip Command Con-
sole Software. Subsequently, Robust Multichip Analysis was performed
using the Affymetrix Expression Console Software. Starting from the
normalized Robust Multichip Analysis, the Signiﬁcance Analysis of
Microarrays was performed using the limma package (Babelomics,
http://www.babelomics.org), using a false discovery rate of 5% for
values increased for at least 1.5 times over the control to identify
genes that were signiﬁcantly differentially regulated between the ana-
lyzed groups. The analysis of concurrent annotations was performed
with the web-based tool GENECODIS (Carmona-Saez et al., 2007).
Gene expression studies. One μg RNA isolated by Tripure (Roche,
Spain) was reverse transcribed with High Capacity cDNA Archive Kit
and real-time PCR was performed on a ABI Prism 7500 PCR system
(Applied Biosystems, Foster City, CA) using the DeltaDelta Ct method.
Expression levels are given as ratios to GAPDH. Pre-developed primer
and probe assays were all from Applied.
Elisa. Cells were stimulated with 10 μg/ml CsA or 20 μg/ml tacroli-
mus, and murine MCP-1 was determined in the supernatants by ELISA
(BD, Franklin Lakes, NJ) according tomanufacturer's intructions. Brieﬂy,
96 well plates were covered with anti MCP-1 capture antibody over-
night at 4 °C, then incubated at RT with the samples properly diluted
to ﬁt the measuring linear range and ﬁnally with an HRP-conjugated
anti MCP-1 secondary antibody. Signal was developed with the colori-
metric TMB substrate reagent set (BD), stopped with 2 N sulfuric acid
and read it at a wavelength of 450 nm. A wavelength of 570 nm was
used to correct experimental intra-assay variations.
Western blot. Protein content from cell extracts homogenized in lysis
buffer (50 mmol/L Tris, 150 mmol/L NaCl, 2 mmol/L EDTA, 2 mmol/L
EGTA, 0.2% Triton X-100, 0.3% NP-40, 0.1 mmol/L PMSF, 25 mmol/L
NaF)was determined by the bicinchoninic acidmethod (Pierce Biotech-
nology, Rockford, IL). Proteins were separated by 10% SDS-PAGE under
reducing conditions and then blotted onto nitrocellulose membranes.
Membrane blockade was accomplished with 5% defatted milk in TBS-T
(0.05 mol/L Tris, 0.15 mol/L NaCl, 0.05% Tween 20, pH 7.8). Thereafter,
membranes were overnight probed at 4 °C with speciﬁc primary anti-
bodies made in the same blocking solution or 5% BSA in TBS-T and
then incubated with secondary HRP-conjugated antibodies for 1 h at
room temperature. Primary antibodies to p65, JAK2, CHOP, XBP1 and
Nrf2 were from Santa Cruz Biotechnology (Santa Cruz, CA); to p-p65
(Ser536), p-IkBα, IkBα, p-STAT3 (Ser727), STAT3, p-JNK, JNK, p-TAK1,
TAK1, p-IRAK1 from Cell Signaling Technology (Danvers, MA); to
p-JAK2 (pYpY1007-1008) from Invitrogen (Camarillo, CA); to p-IRE1α
(Abcam, Cambridge, UK); to IRE1α from Lifespan Biosciences (Seattle,
WA) and toHO-1 fromEnzo Life Sciences (Farmingdale, NY). Antibodies
to α-Tubulin (Sigma-Aldrich) and mouse polyclonal anti-GAPDH
(Merck-Millipore, Darmstadt, Germany) were used to correct minor
differences in protein loading.
Electrophoretic mobility shift assay (EMSA). Nuclei and cytosolic frac-
tions from cell pellets were separated by using NE-PER® extraction
Table 1
Transcriptome analysis of cultured tubular cells stimulated for 6 h with 10 μg/ml CsA or
20 μg/ml tacrolimus. Key inﬂammation-related gene expression.
Gene function/category Gene symbol CsAa FDR CsAb Tacrolimusa FDR
tacrolimusb
NF-kB signaling pathway Bcl3⁎ 2.5 0.001 2.4 0.001
Nfkbie⁎ 2.5 0.012 2.2 0.022
Relb⁎ 2.3 0.004 2.3 0.003
Tnfaip3 2.0 0.022 1.3 n.s.
Nfkb2⁎ 1.9 0.007 2.0 0.003
Nfkb1⁎ 1.8 0.011 1.7 0.013
Nfkbia⁎ 1.8 0.027 1.4 n.s.
Camk1d 1.7 0.247 2.7 0.025
Rhebl1 1.5 0.054 1.8 0.007
NF-kB targets Myc 4.1 b0.001 3.9 b0.001
Vcam1 3.1 0.001 3.4 0.001
Csf2 2.9 0.007 2.2 0.030
Il1rn 2.5 0.001 3.4 b0.001
Traf1 2.3 0.041 2.0 n.s.
Csf1 1.8 0.003 1.7 0.004
Icam1 1.4 n.s. 1.7 0.022
Inﬂammatory cytokines
and mediators
Ccl20⁎ 20.5 0.013 13.5 0.020
Ccl2⁎ 10.6 0.002 11.6 0.002
Ccl5⁎ 6.8 b0.001 15.3 b0.001
Lif 4.2 b0.001 3.2 b0.001
Ptgs2⁎ 4.1 b0.001 3.8 b0.001
Cxcl10⁎ 4.0 0.009 4.6 0.004
Ccl7⁎ 3.6 0.017 4.7 0.004
Ccrl2 ⁎ 2.8 0.006 3.5 0.002
Il15ra ⁎ 2.3 0.039 2.5 0.025
Cxcl11⁎ 2.0 n.s. 2.8 0.013
Serpinb9 1.8 0.005 2.6 b0.001
Il17ra 1.8 0.044 1.9 0.018
Csf1 1.8 0.003 1.7 0.004
Camk1d 1.7 n.s. 2.7 0.025
Cd74 1.7 0.010 2.2 0.001
AP-1 proteins Maff 4.5 0.002 3.7 0.003
Fosl1 3.6 0.024 3.4 0.027
Junb⁎ 2.8 b0.001 2.0 0.002
Mafk⁎ 1.7 n.s. 1.9 0.029
Fos 1.9 0.008 1.6 0.031
ER stress/UPR signaling Ppp1r15a 5.0 b0.001 6.1 b0.001
Ddit3 4.8 b0.001 6.1 b0.001
Trib3⁎ 4.2 0.001 5.0 0.001
Hmox1 2.9 0.015 3.5 0.006
Atf6 2.4 b0.001 2.5 b0.001
Phlda1 2.3 0.004 1.6 0.036
Ero1l 1.7 0.023 2.0 0.004
Atf4 1.6 0.006 1.6 0.006
Herpud1 1.8 0.008 1.6 0.015
n.s. Non-signiﬁcant.
a Rate of gene expression in fold-change vs control.
b FDR (false discovery rate) indicates normalized p values.
⁎ Indicates regulation by NF-κB.
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manufacturer's instructions. The protein concentrationwas determined
by the bicinchoninic acid method (Pierce Biotechnology). Gel shift as-
says were performed as previously described (Sanz et al., 2008). The
consensus oligonucleotide sequences employed were: 5′-AGTTGAGGG
GACTTTCCCAGGC-3′ for NF-κB and 5′-CGCTTGATGAGTCAGCCGGAA-3′
for AP-1.
Immunoﬂuorescence. Cells were ﬁxed in 4% paraformaldehyde/PBS,
permeabilized in 0.1% Triton X-100/PBS, washed in 1% BSA/PBS and
blocked with 4% BSA/PBS. The following primary antibodies were
used: rabbit polyclonal anti-RelA (1:200) and XBP1 (1:300) (Santa
Cruz Biotechnology), rabbit polyclonal anti-p-STAT3-(Ser727)(1:100)
(Cell Signaling Technology). Cells were incubated with Alexa secondary
antibodies (Invitrogen) and nuclei counterstained with propidium
iodide (PI) or DAPI. Cells were analyzed using a Confocal System TCS
SP5 (Leica, Madrid, Spain).
Animal model. A previously described murine model of CsA nephro-
toxicity (Neria et al., 2009) was reproduced in adult male 10 to
12-week old C57Bl/6 mice (Janvier, Saint Berthevin, France) to study
the in vivo relevance of the cell culture results. Studies were conducted
in accordancewith theNIHGuide for the Care andUse of Laboratory An-
imals (NIH Publication Nu 85-23, revised 1996) and was approved by
the institution's animal subject review committee. Emphasis was
made in the humane care of the animals. CsA was ﬁrst dissolved in eth-
anol (200 mg/ml) and then in olive oil. Groups (n = 8)were as follows:
a) Healthy control (CsA vehicle) and b) CsA-treated (250 mg/kg/day,
s.c). Mice were treated with the vehicle alone or CsA at the indicated
doses, once a day for 5 consecutive days. After treatment, animals
were killed. Blood was drawn for urea assessment and kidneys were
perfused in situ with cold saline before removal. One kidney was snap-
frozen in liquid nitrogen for protein and RNA studies and the other
ﬁxed and parafﬁn embedded for IHC staining.
Human biopsies. Human kidney biopsies were obtained from 4 pa-
tients with CNIs nephrotoxicity diagnosed on the base of pathological
ﬁndings excluding acute and chronic rejection (3 male and 1 female,
age range 27–67 years, serum creatinine 2.4 ± 1.4 mg/dl, 24 h urinary
protein/creatinine excretion 0.2 ± 0.2 (g/g), 3 on CsA and 1 on tacroli-
mus, and time elapsed since transplantation 2.9 years). Nephrectomy
specimen (adenoma) from a 76-year-old non-diabetic male with
serum creatinine 0.9 mg/dl and no proteinuria was used as control.
The study protocol was approved by the local Ethics Committee and in-
formed consent was obtained. Human renal biopsies were obtained
from the IIS-Fundacion Jimenez Diaz biobank.
Immunohistochemistry. Parafﬁn-embedded sections were stained
using standard histology procedures. Immunostaining was carried out
in 2 μm thick tissue sections that were deparaﬁnized and antigen
retrieved using the PT Link system (Dako Diagnostics, Barcelona,
Spain) with Sodium Citrate Buffer (10 mM) adjusted to pH 6. Immuno-
histochemical staining was performed using the Dako Autostainer
(Dako Diagnostics). Brieﬂy: endogenous peroxidase was blocked and
then sections were incubated for 20–30 min at room temperature with
primary antibody: rabbit polyclonal anti active caspase 3 (1/2500)
(Promega, Madison, WI), p65 (1/500) (Santa Cruz) and IRE1α (1/350)
(Lifespam Biosciences); rabbit monoclonal anti STAT3 (1/500) (Cell Sig-
naling) and rat polyclonal anti F4/80 (1/10,000) (AbD Serotec). After
washing, slides were treated with the EnVision™ DuoFLEX Doublestain
System (Dako Diagnostics) using 3,3′-diaminobenzidine as cromogen.
Sections were counterstained with Carazzi's hematoxylin. Depending
of each marker, the total number of stained tubules or cells was counted
in 10 randomly chosen ﬁelds (200×) and the result expressed as the
mean ± SD of positive tubules or cells per ﬁeld. Sampleswere examined
in a blind manner.Statistics. Statistical analysis was performed using SPSS 11.0 (SPSS,
Chicago, IL). Results are expressed as mean ± SD. Signiﬁcant differ-
ences at the p b 0.05 level were assessed by a non-parametric Mann–
Whitney test for two independent samples comparing stimulated vs
negative control (without treatment) group values and inhibited co-
stimulated vs stimulated only group values. Experimentswere repeated
at least three times on different days.
Results
Transcriptomic analysis of inﬂammatory master regulatory genes and
NF-κB target genes in murine tubular cells treated with CNIs
To evaluate the potential of CNIs to elicit inﬂammatory responses in
tubular cells and to search for relevant molecules that may contribute
to CNIs-dependent inﬂammation, the transcriptome of murine MCT
proximal tubular cells exposed to 10 μg/ml CsA or 20 μg/ml tacrolimus
for 6 hwas analyzed. Several genes closely related to the NF-κB pathway
were found differentially expressed in cells treated with both CNIs for
Fig. 1. Calcineurin inhibitors induce the expression of inﬂammatorymediators in renal tubular cells. Murine renal tubular cells (MCT)were subjected to CsA or tacrolimus (Tac) treatment
and the expression of proinﬂammatory cytokines was evaluated. A) Time-dependent MCP-1, Rantes and IL-6mRNA expression in cells treatedwith 10 μg/ml CsA (left panel) or 20 μg/ml
Tac (right panel),measured byqRT-PCR. B)Dose-dependentMCP-1, Rantes and IL-6mRNA expression in cells treated for 6 hwith 5–20 μg/ml CsA (left panel) or Tac (right panel). C)MCP-
1 protein levels assessed by ELISA in supernatant from cells treated with 10 μg/ml CsA or 20 μg/ml Tac or vehicle. Data represent the mean ± SD of three independent experiments.
*p ≤ 0.05 and §p ≤ 0.02 vs Control.
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the NF-κB subunits, Relb, Nfkb1/p50 and Nfkb2/p52 as well as of the
IκB family of NF-κB inhibitors, Nfkbia and Nfkbie, and the NF-κB regula-
tors Bcl3, Rhebl1, and Tnfaip3. Moreover, the activity of NF-κB was re-
vealed by the increased expression of a series of NF-κB target genes
including cytokines, growth factors, adhesion proteins, TNFR superfamily
members, and transcription factors. These included the chemokines Ccl2
(MCP-1), Ccl20, Ccl5 (Rantes), which exhibited the higher increases, and
also Cxcl10, Ccl7 and Cxcl11 as well as innate immunity targets, such as
Vcam1 and Icam1, and receptors or receptor-associated proteins, namely
Ilrn and Traf1. The NF-κB transcriptional activity is ﬁne tuned by cooper-
ation with partner transcription factors. The NF-κB/activator protein-1
(AP-1) complex regulates inﬂammatory gene transcription. Somemem-
bers of AP-1 subfamilies, namely Atf3, Maff, Fosl1, Junb, Mafk, and Fos,
were also found differentially upregulated. CNIs also induced the
expression of NF-κB-independent cytokines and inﬂammatory factors
including Csf1, Il15ra, Il17ra and Ptgs2, among others.
Calcineurin inhibitors elicit a rapid inﬂammatory response in cultured
murine renal tubular cells
Themolecularmechanisms and time-course of CNIs-induced renal in-
ﬂammation are incompletely characterized. Classic chemokines MCP-1
and Rantes are key initial triggers of tubulointerstitial inﬂammation byFig. 2. Calcineurin inhibitors induce rapid activation of the NF-κB pathway in renal tubular cells
NF-κB inhibitor parthenolide (Parth), added at 10 μM1 h before stimuli, abolished theMCP-1, R
SD of three independent experiments. *p ≤ 0.05 vs Control; #p ≤ 0.05 vs CsA or Tac. B) CsA and
graph (lower) showing the mean ± SD of ﬁve independent experiments. §p ≤ 0.02 vs Control
(green) nuclear translocation induced by CsA and Tac in cells stimulated for 1 h. Nuclei were c
DNA binding activity. Representative EMSA of nuclear extracts from MCT cells. E) CsA and Tac
Western blot. Theﬁgure shows a representativeWestern blot out of three individual experiment
the total dataset. *p ≤ 0.05 vs Control. (For interpretation of the references to color in this ﬁgurecruiting monocytes and lymphocytes to injury sites. Moreover, both
chemokines are bona ﬁde gene targets of the canonical NF-κB pathway
(Saccani et al., 2001). In murine MCT cells, CsA and tacrolimus evoked a
time- and dose-dependent expression of MCP-1 and Rantes mRNA as
well as of theproinﬂammatory cytokine IL-6,which is also under the tran-
scriptional control of NF-κB (Figs. 1A and B). According to the known NF-
κB-dependent kinetic of induction (Sanz et al., 2010), both chemokines
and IL-6 peaked early (3–6 h for both stimuli) and returned to values
near control at 24 h, except for Rantes which remained overexpressed
at this time (about 20 times over control values).
At 6 h, the magnitude of the overall cellular response was related to
the CNIs dosage, 20 μg/ml for both CsA and tacrolimus eliciting more
pronounced effects than 5–10 μg/ml. Moreover, the CNI-induced cyto-
kine mRNA synthesis was also corroborated at the protein level as was
exempliﬁed by the increased MCP-1 concentration in culture superna-
tant (Fig. 1C). Taking these and previous (Berzal et al., 2012) results
into consideration, we chose 10 μg/ml CsA and 20 μg/ml tacrolimus
and, except where otherwise indicated, at time of 6 h as the working
conditions to study mechanisms leading to this inﬂammatory response
in tubular cells.
As a conclusion, together with the transcriptomic assays, these
results indicated that in murine tubular cells CNIs induce a rapid inﬂam-
matory response. We next investigated molecular regulation of this
effect.. MCT cells were treatedwith 10 μg/ml CsA or 20 μg/ml Tac. A) Treatment of cells with the
antes and IL-6mRNA synthesis by CsA or Tacmeasured following 6 h treatment. Mean ±
Tac induce IκBα phosphorylation/activation. RepresentativeWestern blot (upper) and bar
. C) Representative confocal microscopy immunoﬂuorescence images showing NF-κB/p65
ounterstained with PI (red). Original magniﬁcation × 400. D) CsA and Tac promote NF-κB
induce activating phosphorylation of p65. p65 phosphorylation in the Ser536 analyzed by
s for eachof the stimuli and their corresponding quantiﬁcation representingmean ± SDof
re legend, the reader is referred to the web version of this article.).
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830 C. González-Guerrero et al. / Toxicology and Applied Pharmacology 272 (2013) 825–841The inﬂammatory response by CNIs depends on NF-κB engagement and
also activates AP-1 and STAT3
NF-κB regulates the transcription ofMCP-1, Rantes and IL-6 genes in
tubular cells in response to cytokines (Sanz et al., 2008). Pretreatment of
cellswith the inhibitor of Iκ-Bα degradation parthenolide prevented the
CNIs-elicited inﬂammatory response, suggesting regulation by NF-κB
(Fig. 2A). NF-κB activity is highly regulated at different levels. MCT
cells showed increased levels of phosphorylated/activated IκBα when
stimulated with CsA or tacrolimus (average increases of approximately
more than one and half times between 1 and 6 h compared to an
unstimulated control, respectively) (Fig. 2B), followed by the nuclear
translocation of NF-κB RelA/p65 subunit (Fig. 2C). In addition, CsA and
tacrolimus increased NF-κB DNA binding activity (Fig. 2D). Once
bound to DNA, NF-κB needs several steps for a complete activation of
gene expression. Thus, phosphorylation of RelA/p65 on Ser536 stabi-
lizes NF-κB RelA/p65 binding to DNA and allows the transcription of a
subset of inﬂammatory genes. CsA and tacrolimus induced a sustained
RelA/p65 phosphorylation on Ser536 over time, which reached maxi-
mum values of approximately more than two times over control in all
treatments (Fig. 2E). Moreover, activated NF-κB interacts and cooper-
ates with other transcription factors such as AP-1 and STAT3 to modu-
late gene expression (Chaturvedi et al., 2011; Granelli-Piperno et al.,
1990). CsA and tacrolimus promoted activation of both transcription
factors as judged by the increased AP-1 binding to DNA (Fig. 3A) and
by STAT3 phosphorylation (more than one and half times mean in-
creases compared to control for both stimuli) (Fig. 3B) and nuclear
translocation (Fig. 3C).Protein kinases mediate NF-κB activation and inﬂammation in response to
CNIs
Several signaling pathways may converge to activate NF-κB. We had
previously observed that CsA activates the JAK2/STAT3 pathway toFig. 3. Calcineurin inhibitors activate AP-1 and STAT3 transcription factors in renal tubular ce
activity was evidenced by EMSA from nuclear extracts of MCT cells treated with CsA and Tac. A
(C). In B, a representative Western blot image (left panel) and the corresponding quantiﬁcat
pSTAT3 (green) nuclear translocation was detected by immunoﬂuorescence microscopy. Nu
tion × 400. (For interpretation of the references to color in this ﬁgure legend, the reader is refpromote cytotoxicity in tubular cells (Neria et al., 2009) and that JAK2/
STAT3 mediated the tubular cell inﬂammatory response to cytokines
(Ucero et al., 2013). The MAP3K TGFβ-1-activated kinase-1 (TAK1) and
JNK are two related kinases that also mediate inﬂammation (de Borst
et al., 2009; Ma et al., 2011). CsA and tacrolimus recruited JAK2, TAK1
and JNK as evidenced by their increased phosphorylation (Fig. 4A). The
JAK2 activation was observed as quickly as 5 min for both CNIs, whereas
the activation of JNK and TAK1 was noted from 1 h onward. The magni-
tude of these responses was almost indistinguishable for CsA and tacro-
limus. Moreover, chemical inhibition of JAK2 with AG490 and of TAK1
with (5Z)-7-Oxozeanol prevented CNIs induction of chemokine mRNA
while JNK inhibition with SP600125 signiﬁcantly reduced it (Fig. 4B).
Similar behavior was observed forMCP-1 protein expressionwhen eval-
uated in the presence of the same inhibitors (Fig. 4C). Kinase inhibitors
decreased nuclear p65 (Fig. 4D) and DNA binding (Fig. 4E), in cells treat-
ed with CsA. These results conﬁrmed the participation of JAK2, JNK and
TAK1 as mediators of the inﬂammatory reaction elicited by CsA and
tacrolimus in tubular cells.CsA and tacrolimus activate the innate immunity receptor TLR4
TLRs are innate immunity sensors that play a key role in the initiation
of inﬂammation. TAK-1 plays an essential and non-redundant role in the
activation of both NF-κB and MAPK pathways by transmitting signals
originated in activated TLRs (Loiarro et al., 2010). Since TAK-1 mediates
the inﬂammatory reaction elicited by CNIs in tubular cells (Figs. 4B and
C), we explored whether CNIs could signal through TLR by using inhibi-
tors of the adaptor protein Myeloid differentiation factor 88 (Myd88).
Myd88 links most TLRs to intracellular partners to transduce external
signals into biological responses. The Pepinh-Myd88 competitor peptide,
which contains a sequence corresponding to the TIR homodimerization
domain of Myd88, and the pharmacological inhibition of two Myd88-
complexed members of the interleukin-1 receptor-associated kinase
(IRAK) signiﬁcantly attenuated, at approximately to the same extent,lls. MCT cells were treated with 10 μg/ml CsA or 20 μg/ml Tac. A) The AP-1 DNA binding
ctivation of STAT3 was evaluated as phosphorylated STAT3 (B) and nuclear translocation
ion of ﬁve independent experiments (right panel) are shown. *p ≤ 0.05 vs Control. In C,
clei were stained with DAPI (red). Representative confocal images. Original magniﬁca-
erred to the web version of this article.).
Fig. 4.Activation of JAK2, JNK and TAK1mediate proinﬂammatory effects in renal tubular cells stimulatedwith calcineurin inhibitors.MCT cellswere treatedwith 10 μg/ml CsA or 20 μg/ml
Tac throughout all the experiments. A) CsA and Tac promote JAK2, JNK and TAK1 phosphorylation/activation.MCT cells were treated for the indicated times and then total protein extracts
analyzed byWestern blot. The ﬁgure shows representativeWestern blots for each protein analyzed (upper panels) with their corresponding quantiﬁcation (lower panels). Mean ± SD of
three independent experiments. *p ≤ 0.05 and §p ≤ 0.02 vs Control. B) Treatment of MCT cells with the protein kinase inhibitors AG490, SP600125 and (5Z)-7-Oxozeaenol (TAK1i) for
60 min and further stimulation with CsA o Tac for 6 h inhibit MCP-1 and Rantes mRNA synthesis. *p ≤ 0.05 and §p ≤ 0.02 vs Control; #p ≤ 0.05 vs or ♦p ≤ 0.02 vs stimuli alone (n = 3).
C) Supernatants of cells treated as inBwere assayed to quantifyMCP-1protein levels by ELISA. Data aremean ± SDof three independent experiments. *p ≤ 0.05 vs Control and #p ≤ 0.05
vs stimuli alone. D–E) Representative images of the effect of JAK2, JNK and TAK1 inhibition on CNIs-induced p65 nuclear translocation assessed by confocal microscopy immunoﬂuores-
cence (D) and by the DNA binding activity assessed by EMSA (E). In D, p65 is shown in green, and nuclei stained with DAPI in red. Original. magniﬁcation × 400.
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Fig. 5. TLR signaling mediates proinﬂammatory effects of calcineurin inhibitors in renal tubular cells. A–B)MCT cells were pre-treated for 6 h with the Pepihn-Myd88 (P-Myd) inhibitory
peptide to block Myd88 signaling (A) or for 1 h with the IRAK1/4 inhibitor (IRAKi) (B) and then stimulated for additional 6 h with 10 μg/ml CsA or 20 μg/ml Tac. In A, control cells were
pre-treatedwith a Pepinh-control peptidewith no recognized inhibitory activity on TLR4.MCP-1 and RantesmRNA expressionwas assessed by qRT-PCR. Data are themean ± SDof three
independent experiments. *p ≤ 0.05 and §p ≤ 0.02 vs Control; #p ≤ 0.05 and ♦p ≤ 0.02 vs stimuli alone. C) Representative Western blots of phosphorylated IRAK1 (p-IRAK1) levels in
MCT cells treated with 10 μg/ml CsA or 20 μg/ml Tac. Data are the mean ± SD of at least three independent experiments. *p ≤ 0.05 and §p ≤ 0.02 vs Control. D) Inhibition of TLR4
signaling with CLI-095 inhibits IκBα phosphorylation/activation. MCT cells pre-treated with the TLR4 inhibitor CLI-095 for 6 h and further incubated with 10 μg/ml CsA or 20 μg/ml
Tac for the following 3 h. Data are themean ± SD of three independent experiments. *p ≤ 0.05 vs Control and #p ≤ 0.05 vs CsA or Tac E) Proinﬂammatory cytokine expression assessed
by qRT-PCR inMCT cells that were treatedwith CLI-095 as in D, next with 10 μg/ml CsA or 20 μg/ml Tac for 3 h. LPS was used as positive control of TLR4 signaling to assess the speciﬁcity
and efﬁcacy of CLI-095. Data are mean ± SD of three independent experiments. *p ≤ 0.05 vs Control; #p ≤ 0.05 vs stimuli alone. F) Proinﬂammatory cytokine expression proﬁles mea-
sured by qRT-PCR in human HEK293 cells stimulated with 10 μg/ml CsA. LPS (1 μg/ml) was used as control for absence of response and TNFα (30 ng/ml) as positive control of response.
Data are the mean ± SD of three independent experiments. *p ≤ 0.05 vs Control.
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Fig. 6. Calcineurin inhibitors activate the overall UPR. A) qRT-PCR analysis of ATF3, ATF4, ATF6 and CHOPmRNA expression in MCT cells that were treated with 10 μg/ml CsA or 20 μg/ml
Tac for 6 h. Data are the mean ± SD of a minimum of three independent experiments. *p ≤ 0.05 and §p ≤ 0.02 vs Control. B) Representative Western blot of phosphorylated IRE1α
(p-IRE1α) and total IRE1α (IRE1α) expression levels in total protein extracts of MCT cells that were treated with 10 μg/ml CsA or 20 μg/ml Tac or vehicle (upper panel). Data are
mean ± SD pf three independent experiments. *p ≤ 0.05 vs Control (lower panel). C) Representative Western blot of spliced XBP1 (sXBP1) levels in total protein extracts (upper
panel) and representative confocal microscopy experiment showing the nuclear translocation of sXBP1 (green) (lower panel) in MCT cells that were treated with 10 μg/ml CsA or
20 μg/ml Tac for 1 to 6 h and for 30 min., respectively. Nuclei where stained with DAPI. Bar graph represents the mean ± SD of a minimum of three independent experiments.
*p ≤ 0.05 vs Control. D) Nuclear translocation of p65 (green) was assessed by confocal microscopy in MCT cells treated with 10 μg/ml CsA or 20 μg/ml Tac for 1 h in the absence or in
the presence of PBA (10 mM) added 1 h before the stimuli. Nuclei where stained with PI. E) qRT-PCR analysis of MCP-1 and Rantes mRNA expression in MCT cells treated with PBA
(10 mM) for 1 h and then with 10 μg/ml CsA or 20 μg/ml Tac for 6 h. Data aremean ± SD (n = 6). §p ≤ 0.02 vs Control; #p ≤ 0.05 vs stimuli alone. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.).
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Fig. 7. Activation of the PERK branch of the UPR prevents inﬂammation while engagement of the IRE1/XBP1 pathway by calcineurin inhibitors generates inﬂammation through NF-κB
activation. A) Salubrinal (sal) potentiates the synthesis of CHOP induced by CsA and Tac. MCT cells were pretreated with sal for 1 h and then with 10 μg/ml CsA or 20 μg/ml Tac for the
following 6 h. Representative Western blot. B) Sal prevents inﬂammation by CNIs. Cells were treated with 10 μg/ml CsA or 20 μg/ml Tac for 6 h. Next to stimuli incubation, MCP-1 and
Rantes gene expressionwasmeasured byqRT-PCR. Data represent themean ± SDof three independent. *p ≤ 0.05 vs Control; #p ≤ 0.05 vs stimuli alone. C–E) Pharmacological inhibition
of the IRE1/XBP1 pathway with the IRE1α inhibitor 4μ8C makes MCT cells resistant to the CNIs-induced inﬂammation. Cells were incubated with 4μ8C (100 μM) for 1 h and then stim-
ulatedwith 10 μg/ml CsA or 20 μg/ml Tac. C) Evaluation of IκBα phosphorylation byWestern blot. Representative experiment. Data are themean ± SDof three independent experiments.
*p ≤ 0.05 vs Control; #p ≤ 0.05 vs CsA or Tac, and §p ≤ 0.02 vs Tac. D) p65 (greenﬂuorescence) nuclear translocation assessed by confocal microscopy. Nucleiwhere stainedwith PI. Cells
were treatedwith 4μ8C as inD and then followed by 10 μg/ml CsA or 20 μg/ml Tac addition for 1 h. Representative experiment. E) Transcriptional levels ofMCP-1 and Rantesmeasured by
qRT-PCR after 1 h treatment with 4μ8C, then followed by 10 μg/ml CsA or 20 μg/ml Tac for 6 h. Mean ± SD of ﬁve experiments. *p ≤ 0.05 vs Control; #p ≤ 0.05 vs stimuli alone.
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Consistent with this result, CsA and tacrolimus quickly phosphorylated
IRAK1 from 15 min onwards, a step required for TLRs signaling (Fig. 5C).
TLR4 is widely recognized as a mediator of tubular damage and
inﬂammation (Gonçalves et al., 2011). CsA nephrotoxicity correlated
with increased kidney TLR4 expression, although a causal relation was
not explored (Lim et al., 2005, 2009). Speciﬁc suppression of TLR4signaling was achieved by blocking its intracellular domain with the in-
hibitor CLI-095. This inhibitor abolished CNIs-induced NF-κB activating
events and NF-κB-dependent inﬂammatory responses triggered by
CNIs. Both the IκBα phosphorylation at 1 and 3 h (Fig. 5D) and the
NF-κB-dependent mRNA chemokine synthesis at 3 h were hindered,
remaining otherwise similar to control values for MCP-1 and hardly
higher for Rantes (Fig. 5E). To further explore a possible role of TLR4
Fig. 8. Activation of the Nrf2/HO-1 pathway prevents inﬂammation by calcineurin inhibitors. MCT cells and 10 μg/ml CsA or 20 μg/ml Tac were used through all the experiments. When
cellswere treatedwith sulforaphane (SFN) (20 μM), thiswaspreincubated for 1 h before stimuli addition. A–B)RepresentativeWestern blots ofNrf2 andHO-1protein levels in cell lysates
stimulatedwith CsA or Tac for 1 to 6 h (A) and SFN for 6 h (B). C) Treatment with SFN downmodulates CNIs-dependent activation of JAK2 and JNK. RepresentativeWestern blots for both
proteins in total cell lysates treatedwith CsA and Tac alone or in the presence of SFN. D–E) SFN inhibits activation of the NF-κB pathway by CNIs. Levels of phosphorylated IκBα assessed by
Western blot (*p ≤ 0.05 vs Control, #p ≤ 0.05 vs CsA, n = 3) (D) and MCP-1, Rantes and IL-6 mRNA expression after 6 h treatment by qRT-PCR. (*p ≤ 0.05 vs Control; #p ≤ 0.05 vs
stimuli alone, n = 3) (E).
835C. González-Guerrero et al. / Toxicology and Applied Pharmacology 272 (2013) 825–841in CNIs-mediated inﬂammation, we took advantage of the human
embryonic tubular cell line HEK293, which does not express TLR4.
TNFα signals through its own receptors and elicited an inﬂammatory
response in HEK293 showing typical MCP-1 mRNA synthesis kinetics
(approximately 15 and 6 times after 6 and 24 h respectively), while as
expected, the TLR4 speciﬁc ligand LPS, did not. On the other hand, CsA
did not induce inﬂammatory response in this cell line (Fig. 5F). This
fact supports the concept that both CNIs may signal through TLR4.
In addition to TLRs, the IL-1R and other members of the TLR/IL-1R
superfamily also exhibit a cytoplasmic TIR domain that provides a
docking platform for Myd88 and IRAK1/4 recruitment/activation
(Loiarro et al., 2010). Given that IL-1β is critically involved in renal in-
ﬂammation after processing by the proinﬂammatory caspase-1 and
that caspase-1 may be activated by CNIs (Yang et al., 2001), we studied
whether CNIs could induce inﬂammation through engagement of this
signaling pathway. However, pretreatmentwith the pan-caspase inhib-
itor z-VAD-fmk did not prevent the inﬂammatory response induced by
10 μg/ml CsA or 20 μg/ml tacrolimus in MCT cells treated for 6 h(Fig. S1A). Moreover, IL-1β mRNA transcription was undetectable in
resting and CsA-treated MCT cells (data not shown). Finally, blocking
IL-1R activity with the IL-1Rn receptor antagonist did not modify the
CNIs-induced inﬂammatory response in cells treated in the same stimuli
and time conditions (Fig. S1B).
Calcineurin inhibitors engage the Unfolded Protein Response as part of the
general inﬂammatory response associated with NF-κB signaling
The UPRmay either protect from or induce inﬂammation (Garg et al.,
2012). The UPR recruits PERK, ATF6 and IRE1 sensors in response to ER
stress (Ron and Walter, 2007). Several components of the UPR were
found upregulated in the gene expression array of tubular cells treated
with CNIs (Table 1). Genes downstream of PERK (GADD34, CHOP, ATF4,
ATF3) and ATF6 were differentially expressed. In contrast, genes belong-
ing to the IRE1/XBP1 pathwaywere unchanged. Additional genes regulat-
ed by the UPR (TRIB3, Dnajb9) and by the UPR-dependent ER-associated
protein degradation (ERAD) response (Herpud1) were also upregulated.
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the same doses of CNIs and the same time conditions (Fig. 6A). Although
initially the IRE1/XBP1 pathwaywas not transcriptionally regulated, there
was evidence of its activation, such as the increased IRE1α phosphoryla-
tion levels that at least doubled the control values (Fig. 6B) andprocessing
of its target protein XBP1, recognized by the appearance and nuclear
translocation of the spliced fragment (XBP1s) (Fig. 6C). These results
highlighted that CNIs recruit a wide spectrum of proteins belonging to
the adaptive UPR and related processes.
Next, we explored the role of UPR in CNIs-triggered inﬂammation.
PBA, an inhibitor of the UPR, prevented CNIs-induced inﬂammatory
responses including the early (1 h) p65 nuclear translocation (Fig. 6D)
and the late (6 h) MCP1 and Rantes mRNA synthesis (Fig. 6E).
It was previously reported that activation of the PERK/eIF2α path-
way by CNIs prevents TNFα-mediated proinﬂammatory responses in
tubular cells (Du et al., 2009). However, we found that CsA and tacroli-
mus induced NF-κB activation and inﬂammation despite a concomitant
PERK/eIF2α pathway activation. To characterize the role of this UPR
branch under our experimental conditions, we treated tubular cells
with the PERK/eIF2α pathway activator salubrinal. Salubrinal added to
cells for 6 h increased CHOP as well as ATF6 mRNA expression to levels
comparable to those induced by CNIs (Fig. S2A). Preconditioning of cells
with salubrinal also potentiated CNIs-induced CHOP protein expression
(Fig. 7A) and prevented the upregulation of NF-κB-dependent inﬂam-
matory genes (Fig. 7B) and NF-κB/p65 nuclear translocation measured
at the same times as in the experiments with PBA (Fig. S2B). In tubular
cells salubrinal alone does not promote the expression of inﬂammatory
genes (Fig. 7B). Thus, salubrinal appeared to protect from CNIs-induced
inﬂammation by potentiating the activation of the PERK/eIF2α path-
way, but this effect seems to be insufﬁcient when this route is engaged
by the CNIs alone, at least during the ﬁrst 6 h of treatment. These results
suggested that the extension to which PERK/eI2Fα pathway is activated
may result in a different outcome of the overall inﬂammatory process.
IRE1 was previously identiﬁed as a promoter of inﬂammation in
tubular cells under metabolic stress (Fougeray et al., 2011).We next in-
vestigated the role of the IRE1/XBP1 pathway in the proinﬂammatory
effects of CNIs. To this aim, we used the speciﬁc inhibitor of IRE1α,
4μ8C (Cross et al., 2012). Preliminary assays demonstrated that 4μ8C
downmodulated IRE1/XBP1 pathway activation as judged by the
inhibition of IRE1α phosphorylation and XBP1 nuclear translocation
(Fig. S2C). Moreover, 4μ8C prevented the time-dependent CNIs-
induced IκBα phosphorylation/activation (Fig. 7C), NF-κB translocation
(Fig. 7D) and expression of MCP-1 and Rantes mRNA (Fig. 7E). Some of
these results were reproduced by stimulation with the salicylaldehyde
analog 3-Ethoxy-5,6-dibromosalicylaldehyde (3-E-5,6-D, cmpd), an-
other speciﬁc inhibitor of IRE1α (Volkmann et al., 2011), further
supporting the notion that IRE1α promoted an inﬂammatory response
to CNIs (Fig. S2D).Modulation of NF-κB-mediated inﬂammation by the Nrf2 pathway in
tubular renal cells
The Nrf2 pathway is a master transcriptional regulator of the cellular
response to oxidative stress,which also downmodulates proinﬂammatoryFig. 9. Cyclosporine triggers early renal inﬂammation in mice. Mice received daily vehicle (Contr
chemistry showing increased p65 nuclear translocation (a, b) and F4/80 positive cells (c, d) in k
ﬁcation. *p ≤ 0.05 vs Control group. Black arrows indicate tubules with positive nuclear stain
(d).White arrow in d points to a group of F4/80 positive cells shownwithmore detail in the inse
B) qRT-PCR showed upregulatedMCP-1, Rantes, IP-10 and IL-6mRNA expression in kidneys from
qRT-PCR showed upregulated ATF3, ATF4, CHOP and ATF6 mRNA expression in kidneys fromm
mediators of inﬂammationupregulated byCsA. D)Western blots of totalmouse kidney extracts fr
phosphorylated STAT3, JNK and TAK1, CHOP, spliced XBP1 (sXBP1) and HO-1. E) Immunochemi
resentative images and the corresponding group quantiﬁcation. *p ≤ 0.05 and §p ≤ 0.02 vs Con
show a cropped region of the area inside the frame with more detail to better appreciate nucle
untreated animal (a, c). Original magniﬁcations × 200. (For interpretation of the references to cevents resulting from innate immunity and UPR activation (Lee et al.,
2012; Zong et al., 2012).
The increased heme oxygenase 1 (Hmox1/HO-1) mRNA expression
observed in the transcriptomics analysis, suggested that CNIs could en-
gage the Nrf2 pathway (Table 1). Indeed, Nrf2 and HO-1 protein levels
were increased in MCT cells treated with both CNIs, thus conﬁrming
previously reported data (Shin et al., 2010) (Fig. 8A). To assess the
role of theNrf2 pathway in protecting fromCNIs-induced inﬂammation,
we treated tubular cells with the natural Nrf2 activator SFN. This
compound increased Nrf2 and HO-1 levels by itself at times relevant
to the inﬂammatory process by the CNIs (1–6 h) (Fig. 8B). Moreover,
Nrf2 activation inhibited JAK2 and JNK phosphorylation/activation
(Fig. 8C). Finally, SFN inhibited IκBα phosphorylation/activation
(Fig. 8D) and NF-κB-dependent MCP1, Rantes and IL-6 mRNA synthesis
(Fig. 8E). In conclusion, activation of the Nrf2/HO-1 axis may limit CNI-
mediated proinﬂammatory events by interrupting kinase-dependent
signaling pathways or by directly inhibiting activating signals upstream
of NF-κB. Activating Nrf2 may be an interesting therapeutic option to
limit CNIs-induced inﬂammation.
CsA induces nephrotoxicity and kidney inﬂammation in mice in vivo
The in vivo effects of CNIs on kidney inﬂammationwere evaluated in
a previously describedmousemodel of acute CsA nephrotoxicity (Neria
et al., 2009). Mice that were dosed for 5 days with CsA developed
kidney injury characterized by histological architecture changes, the
presence of some apoptotic cells and the increased mRNA expression
of the tubular injury biomarkers Kim-1 and Ngal (Figs. S3A and B). A
mild increase in plasma urea levels was observed (Fig. S3C) and, as
expected by the time-course of injury, no kidney ﬁbrosis was found
(Fig. S3A).
CsA increased NF-κB/p65 nuclear translocation in tubular cells
(Fig. 9A), the number of inﬁltrating F4/80 mononuclear cells (Fig. 9A)
and the expression of proinﬂammatory cytokine genes (Fig. 9B). In
addition, severalmolecular regulators and pathways involved in inﬂam-
mation,whichwere conﬁrmed as upregulated by CNIs in cultured tubu-
lar cells, were also increased in kidney tissue from CsA-treated mice.
Evidence of UPR induction included the increased expression of ATF3,
ATF4, CHOP and ATF6 mRNA (Fig. 9C), the increased protein levels of
sXBP1 (Fig. 9D) and the redistribution of IRE1α labeling into nuclei
(Fig. 9E). Total pSTAT3 (Fig. 9D) and nuclear STAT3 (Fig. 9E) levels
were also increased by CsA, suggesting upstream JAK2 activation.
Therewas also evidence of JNK, TLR and cytoprotective (HO-1) signaling
activation (Fig. 9D).
NF-κB and related proinﬂammatory pathways are associated in CNI
nephrotoxicity biopsies
In an attempt to correlate data from cell culture assays and the
mousemodel with potential inﬂammatory effects of CNIs in human kid-
neys, we analyzed biopsies obtained from kidney grafts diagnosed with
CNIs toxicity in the absence of acute rejection (Fig. 10). In these samples,
prominent nuclear tubular NF-κB staining suggested activation of the
pathway. By contrast, in control kidney tissue, NF-κB expression wasol group, n = 8) or CsA (CsA group, n = 8) andwere killed after 5 days. A) Immunohisto-
idneys from CsA-treated mice. Representative images and the corresponding group quanti-
ing for NF-κB (b) and interstitial mononuclear foci with immunoreactivity against F4/80
t (d). Inset image in b shows a cropped region of the area inside the framewithmore detail.
mice treatedwith CsA.Mean ± SD. *p ≤ 0.05 vs Control group. C) CsA induces UPR in vivo.
ice treated with CsA. *p ≤ 0.05 vs Control group. D–E) In vivo expression of early molecular
om representativeuntreated control andCsA-treatedmice. CsA groupshows higher levels of
stry of STAT3 and IRE1α from representative untreated control and CsA-treated mice. Rep-
trol group. Arrows indicate tubules with nuclear staining of STAT3 and IRE1α. Inset images
ar STAT3 (b) and IRE1α (d) staining in a representative CsA-treated mouse respect to an
olor in this ﬁgure legend, the reader is referred to the web version of this article.).
Fig. 10. Activation of inﬂammatory signaling pathways in human CNIs nephrotoxicity. Increased tubular expression and activation of NF-κB, STAT3 and IRE1α are associated to CNIs tox-
icity in kidney biopsies. Immunohistochemical staining of NF-κB (a, d, g, j, m), STAT3 (b, e, h, k, n) and IRE1α (c, f, i, l, o) in renal biopsies from two representative patients (d-l and m-o)
diagnosed as having CNIs nephrotoxicity and in control kidney tissue (a-c). Areas inside frames (g, h, i) are depictedwithmore detail below better discerning staining localization (j, k, i).
Asterisks indicate positivity in serial sections of the same renal tubules, diamonds indicate positivity in random tubules along kidney sections and arrows indicate positive nuclei. NF-κB
and STAT3 activation, as denoted by their nuclear translocation is observed in nephrotoxicity tubular cells (d, g, j,m, e, h, k, n) comparedwith a control sample (a,b). Increased cytoplasmic
and nuclear IRE1α levels is also observed in the nephrotoxicity kidney tissues (f, i, l, o) andweremostly absent in the control sample (c). Originalmagniﬁcations × 200 (a-i,m-o) and×400
(j-l).
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κB staining. Strongly increased expression and nuclear translocation of
STAT3 and IRE1α were also observed in the same tubules and areas
where NF-κB was activated. In conclusion, human CNIs nephrotoxicity
is associatedwith tubular NF-κB activation and activation of other path-
ways regulating CNIs-induced inﬂammation in cultured tubular cells.
Discussion
The main ﬁnding of this work is that CNIs directly trigger early NF-
κB-dependent inﬂammatory events in tubular cells by engaging severalpreviously unrecognized intracellular pathways, thus providing several
avenues for both therapeutically targeting nephrotoxicity and pre-
venting CKD progression. Inﬂammation is an early feature of CNIs
nephrotoxicity that predates the characteristic kidney ﬁbrosis.
Despite inﬂammation being recognized as one of the hallmarks of
chronic CNIs nephrotoxicity, triggering mechanisms in CNIs-sensitive
tubular epithelia have remained hitherto unexplored. A transcriptomics
analysis of tubular cells treated with CsA and tacrolimus disclosed
higher expressions of NF-κB subunits and numerous NF-κB-inducible
and regulatory genes, including large increases of proinﬂammatory
chemokines related to the NF-κB canonical pathway (Table 1).
839C. González-Guerrero et al. / Toxicology and Applied Pharmacology 272 (2013) 825–841Remarkably, the bulk of this response was almost parallel for both
CNIs. Tubular cell chemokines are involved in initiating kidney
tubulointerstitial inﬂammation by recruiting immunocompetent cells.
Among them, MCP-1 and Rantes have been extensively associated
with renal disease induction and antagonism or genetic ablation of
these chemokines or their receptors ameliorates kidney damage in
mice (Chow et al., 2006, 2007; Kakuta et al., 2012; Kanamori et al.,
2007; Pérez de Lema et al., 2005; Xie et al., 2011). In addition, Cxcl1,
ccl7 and ccl20 recruit neutrophils and different T-cell subsets to the
kidney (Al-Hamidi et al., 2008; Paust et al., 2012; Roche et al., 2007).
The NF-κB-dependent nature of these responses was corroborated by
the transcriptional kinetics of early (MCP-1) and late (Rantes) chemo-
kine synthesis (Fig. 1A) and by the inhibitory effect of parthenolide
(Fig. 2A). Additional evidence of NF-κB engagement by CNIs came
from the observation of a rapid IκBα phosphorylation and increased
p65 nuclear translocation, DNA binding and phosphorylation (Fig. 2).
CNIs also activated the known NF-κB cooperative transcription factors
AP-1 and STAT3 (Fig. 3), as well as the upstream kinases JNK and JAK2
(Fig. 4), all of them known to mediate renal inﬂammation and injury
(de Borst et al., 2009; Neria et al., 2009; Ucero et al., 2013). JNK and
JAK2 can also mediate tubular epithelial mesenchymal transition and
death by CNIs (Neria et al., 2009; Pallet et al., 2012), thus providing a
link between the different processes that characterize CNIs nephrotoxi-
city: tubular atrophy, interstitial ﬁbrosis and inﬂammation. TAK1 is a
major upstream activator of JNK and NF-κB and hence of inﬂammation
in the course of renal injury (Ma et al., 2011). TAK1 is activated by TGFβ-
dependent and -independent pathways involving TLR stimulation
(Sakurai, 2012). CsA stimulated tumor growth by activating the IRAK/
TAK1/NF-κB pathway (Xu et al., 2011).Wehave now also demonstrated
the participation of JNK, JAK2 and TAK1 (Fig. 4) in eliciting inﬂammato-
ry events in the context of CNIs renal toxicity, a previously non-
characterized role. In addition, this ﬁnding suggests the possible in-
volvement of the innate immune system in CNIs-induced inﬂammation.Fig. 11. Overview of intracellular pathways engaged by CNIs that modulate inﬂammatory resp
proinﬂammatory events (cytokine synthesis and immune cells recruitment) through the engag
naling (1), activation of protein kinases (JAK2, TAK1 and JNK) (2), and activation of the IRE1 bra
to NF-κB nuclear translocation (4) to increase cytokine and chemokine gene transcription synt
events such as the activation of the transcription factors STAT3 and AP-1 as well as posttrans
(4). CNIs also activate protective antiinﬂammatory responses involving the upregulation of the
way, which has been related to kidney protection fromdamaging noxae. Stimulation of theNrf2
of the UPR by means of polybutiryc acid (PBA) or activation of the PERK branch with salubrinaInnate immunity is typically activated by microbial toxins but also
during the course of sterile acute and chronic kidney disease
(Gonçalves et al., 2011). CsA may elicit innate immunity responses, in-
cluding the increased expression of TLR2 and TLR4 in humans as well
as in animals chronically treated with the drug. In cultured tubular
cells, CsA also induced a delayed expression of TLR4 (Lim et al., 2005,
2009). In the present work, cumulative functional evidence of a rapid
TLR engagement by the CNIs came from the downregulation of CNIs-
induced cytokine expression by inhibitors of Myd88, IRAK and TLR4
(Fig. 5). These results are in accordance with the proposed pathogenic
role of TLR in renal inﬂammation and injury (Gonçalves et al., 2011),
and highlight the potential relevance of TLR signaling in CNIs-induced
kidney inﬂammation. In T cells, calcineurin inhibition by CNIs blocks
NF-κB activation and inﬂammation (Granelli-Piperno et al., 1990). On
the other hand, calcineurin inhibition by CNIs activates NF-κB in re-
sponse to TLR-mediated signaling in macrophages (Kang et al., 2007).
α-calcineurin KO mice develop chronic nephrotoxicity and associated
kidney inﬂammation (Gooch et al., 2007). The present study suggests
that CNIs prevent calcineurin-dependent suppression of TLR signaling
as both CNIs, despite being chemically unrelated, engaged the same
TLR-associated signaling pathway. In addition, we demonstrated that
proinﬂammatory actions of CNIs also entailed the engagement of addi-
tional unrelated molecular pathways.
The three branches of the UPR regulate apoptosis, NF-κB activation
and inﬂammation (Fougeray et al., 2011; Garg et al., 2012; Kaneko
et al., 2003). Whereas IRE1 regulates IKK basal activity, PERK has been
found to repress IκBα translation (Tam et al., 2012). In renal tubular
cells, UPR-mediated inﬂammation has been mainly associated to the
IRE1 branch (Fougeray et al., 2011). Results of the present study demon-
strated that CNIs engage UPR-related responses (Table 1 and Figs. 6 and
7). In addition, inhibition of not only the overall UPR response (Figs. 6D
and E) but also of the speciﬁc IRE1/XBP1 branch abrogated NF-κB-
dependent inﬂammatory responses (Figs. 7C–E and Supplementaryonses in renal tubular cells and kidney. In renal tubular cells, CNIs elicit NF-κB-dependent
ement of three intracellular signaling cores including engagement of TLR/Myd88/IRAK sig-
nch of the UPR (3). All these intracellular pathways converge at and activate NF-κB leading
hesis, protein synthesis and subsequent recruitment of inﬂammatory cells (5). Concurrent
lational phosphorylation steps contribute to more efﬁcient NF-κB transcriptional activity
PERK/eIF2α/CHOP signaling module of the UPR (3) and the antioxidant Nrf2/HO-1 path-
with SFNmaydirectly repressNF-κB activity or inhibit JAK2 and JNK activation. Repression
l (sal) prevents CNIs-induced inﬂammation.
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a previously unrecognized consequence of CNIs-induced UPR. CNIs-
induced recruitment of the UPR had been previously involved in
tubular vacuolization and cytotoxicity and in renal endothelial EMT pro-
motion (Bouvier et al., 2009; Cheng et al., 2013; Sarró et al., 2012). By con-
trast, CNIs-induced activation of the PERK/eI2F/CHOP pathway has been
reported to downmodulate inﬂammatory responses in tubular cells in
response to TNFα (Du et al., 2009). In accordance with this report, we
showed that Salubrinal activation of the PERK pathway was not inﬂam-
matory by itself: salubrinal potentiated the CHOP response induced by
CNIs (Fig. 7A) whereas it downmodulated CNIs-dependent inﬂammation
(Fig. 7B). However, PERK pathway activation as part of the overall UPR
triggered by CNIs (Table 1 and Fig. 6A) was concomitant with NF-κB acti-
vation and inﬂammation. It is conceivable that increased CHOP synthesis
in response to CNIsmight serve as compensatorynatural response to limit
inﬂammation (Table 1 and Figs. 6A and 7A). Thus, CNIs activation of
the UPR may have both proinﬂammatory and anti-inﬂammatory conse-
quences, but proinﬂammatory signals predominate in tubular cells at
the time points studied and may contribute to CNI nephrotoxicity.
Further tubular cell adaptive responses against CNIs-induced injury
may be the antioxidant Nrf2/HO-1 system. Nrf2/HO-1 induction by
CsAmay counteract EMT and ﬁbrosis (Shin et al., 2010). Our present re-
sults added novel data supporting a role of the Nrf2/HO-1 pathway in
limiting CNIs-mediated inﬂammation in tubular cells. This effect may
be ascribed to the inhibition of ROS-dependent activation of pro-
inﬂammatory pathways such as JAK2, JNK and NF-κB (Fig. 8).
Early identiﬁcation of CNIs inﬂammation that may help to prevent
progression to chronic nephrotoxicity remains a challenge. In a murine
model of early nephrotoxicity by CsA (Fig. 9), we observed modulation
of the same proinﬂammatory signals that we had previously identiﬁed
as mediating CNIs-dependent inﬂammation in cultured tubular cells.
Thus, kidney tubules from CsA-treated animals exhibited clear signs of
inﬂammatory activity such as NF-κB nuclear translocation and in-
creased levels of proinﬂammatory cytokines, along with the presence
of mononuclear inﬁltrates (Figs. 9A and B). As early events promoting
NF-κB activity, we identiﬁed evidence of UPR, TLR, JAK2/STAT3 and
JNK activation (Figs. 9C–E). In accordance to the cell culture and
animal model ﬁndings, evidence of NF-κB, JAK2/STAT3 and IRE1/XBP1
pathways activation was also observed in kidney tissue from patients
diagnosed with CNIs nephrotoxicity (Fig. 10). The link between CNIs-
induced inﬂammation and other features of CNIs nephrotoxicity, such
as cell death and ﬁbrosis deserves attention. Cell culture experiments
using caspase-inhibitors suggest that the inﬂammatory response is in-
dependent from caspase activation and apoptosis (Supplementary
Fig. 1). In addition, the absence of ﬁbrosis at the early stage animal
model suggests that inﬂammation precedes and could conceivably con-
tribute to ﬁbrosis (Supplementary Fig. 3).
In this work, we unveiled that several intracellular pathways medi-
ate the NF-κB activation by the CNIs. Although the relative contribution
of each pathway to the NF-κB activation remains a matter of discussion,
we showed that individual targeting of each of them precluded the NF-
κB-dependent inﬂammatory response. Thus, NF-κB appears to be placed
in a crossroad of several intracellular signaling pathways and hence
emerge as an attractive therapeutic target.
Wehavenowshown that intracellular signals leading to inﬂammation
are known contributors to experimental kidney injury and some of them
may be targeted by smallmolecule inhibitors of kinases, cellular receptors
and transcription factors (de Borst et al., 2009; Gonçalves et al., 2010,
2011; Ma et al., 2011; Sanz et al., 2008; Ucero et al., 2013).
Moreover, novel therapeutic tools targeting proinﬂammatory
transcription factor-regulated pathways are in the pipeline and
include chemicals, monoclonal antibodies and oligonucleotides
(Kwak et al., 2011; Page et al., 2011). Molecules targeting some of
these proinﬂammatory pathways, like JAK2/STAT3, JNK and TLR4, are
already undergoing clinical trials (ClinicalTrials.gov: NCT00955812,
NCT01563302, NCT00696176, NCT01630252, NCT01808469), althoughnot in the context of kidney injury. However, if their human use proves
safe and effective, some of these inhibitors could constitute potential
approaches to prevent or treat kidney injury and speciﬁcally CNIs-
associated kidney inﬂammation and nephrotoxicity.
In summary, our data show that multiple signaling pathways may
regulate the CNIs-induced inﬂammatory response in renal tubular cells,
including activation of both proinﬂammatory and anti-inﬂammatory
pathways (Fig. 11). However, proinﬂammatory pathways predomi-
nate in tubular cells and may contribute to human CNIs nephrotoxi-
city. These ﬁndings provide novel therapeutic targets to protect from
CNIs nephrotoxicity, thus potentially contributing to a safer use of
these compounds.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.taap.2013.08.011.
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also reduced tubular damage and drastically prevented the 
development of kidney fibrosis. In vivo and in vitro CsA 
promoted secretion of the TLR ligand HMGB1 by tubu-
lar cells upstream of TLR4 activation, and prevention of 
HMGB1 secretion significantly reduced CsA-induced 
synthesis of MCP-1, suggesting that HMGB1 may be one 
of the mediators of CsA-induced TLR4 activation. These 
results suggest that TLR4 is a potential pharmacological 
target in CsA nephrotoxicity.
Keywords Cyclosporine A · TLR4 · Innate immunity · 
Nephrotoxicity · Inflammation · Fibrosis
Introduction
Cyclosporine A (CsA) was the first calcineurin inhibi-
tor (CNI) available in the clinic and is still extensively 
used throughout the world. In fact, CsA is the only CNI 
included in the last updated World Health Organization 
(WHO) list of essential medicines (WHO 2015). CsA 
was a breakthrough that increased organ and patient sur-
vival. Moreover, CsA is routinely used to treat autoim-
mune disorders (Ponticelli 2005). Unfortunately, chronic 
CsA therapy increases the risk of chronic nephrotoxicity 
(Naesens et al. 2009). Although acute renal side effects 
may be reversible and can be minimized through strate-
gies to reduce drug exposure, this often does not prevent 
chronic nephrotoxicity, a subtle, non-reversible process 
leading to progressive organ fibrosis (Sawinski et al. 2016). 
Molecular mechanisms underlying CsA nephrotoxicity 
have been extensively researched, although they remain to 
be completely characterized. Inflammation encompasses 
adaptive and protective mechanisms set in motion to repair 
damaged tissues and eliminate invading microorganisms. 
Abstract Cyclosporine A (CsA) successfully prevents 
allograft rejection, but nephrotoxicity is still a dose-lim-
iting adverse effect. TLR4 activation promotes kidney 
damage but whether this innate immunity receptor medi-
ates CsA nephrotoxicity is unknown. The in vivo role of 
TLR4 during CsA nephrotoxicity was studied in mice co-
treated with CsA and the TLR4 inhibitor TAK242 and also 
in TLR4−/− mice. CsA-induced renal TLR4 expression in 
wild-type mice. Pharmacological or genetic targeting of 
TLR4 reduced the activation of proinflammatory signaling, 
including JNK/c-jun, JAK2/STAT3, IRE1α and NF-κB and 
the expression of Fn14. Expression of proinflammatory fac-
tors and cytokines was also decreased, and kidney mono-
cyte and lymphocyte influx was prevented. TLR4 inhibition 
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However, long lasting activation or an exaggerated inflam-
matory reaction may become a pathologic, disease-caus-
ing response. Uncontrolled inflammation contributes to 
the genesis and progression of kidney injury (Meng et al. 
2014). We thus explored novel inflammatory mechanisms 
potentially involved in CsA nephrotoxicity, as a model drug 
for CNI nephrotoxicity. In cultured renal tubular cells, we 
defined for the first time a toll-like receptor (TLR) activity 
compatible with toll-like receptor 4 (TLR4) as an impor-
tant mechanism leading to CsA-induced proinflammatory 
cytokine synthesis (González-Guerrero et al. 2013). High 
TLR4 expression has been reported in kidneys from CsA-
treated rats and in human renal biopsies from IgA nephrop-
athy patients treated with CsA (Lim et al. 2005, Lim et al. 
2009). However, lack of functional studies probing a role 
of TLR4 in CsA nephrotoxicity in vivo precludes definitive 
conclusions about the meaning of these findings. Thus, it is 
presently unknown whether TLR4 is engaged in the course 
of CsA nephrotoxicity, and if so, whether it is an epiphe-
nomenon or a key mediator of CsA-induced inflammation 
in vivo leading to tissue injury.
Innate immunity is the set of non-specific natural 
responses that initiate and help to mount an adaptive 
immune response. Toll-like receptors (TLRs) are an impor-
tant primary innate immunity barrier first described as a 
defense against invading microorganisms. However, TLRs 
may have an active role in sterile inflammation (Gluba 
et al. 2010; Loiarro et al. 2010). Thus, TLRs bind endog-
enous ligands secreted by damaged or stressed tissues 
that otherwise remain confined inside non-injured cells. 
Among these endogenous ligands, the chromatin protein 
high mobility group box 1 (HMGB1) binds to TLR4 and 
promotes kidney injury in several models of renal disease 
(Zhou 2014). In addition, HMGB1 may activate additional 
TLRs, such as TLR2, and also the receptor for advanced 
glycation end products (RAGE; Wu et al. 2010). Signal-
ing through TLR4 triggers signaling pathways through 
the assembly of proximal complexes around the intra-
cellular adaptor molecules Myeloid differentiation fac-
tor 88 (Myd88) and TIR domain-containing adaptor pro-
tein inducing interferon-β (TRIF). Important downstream 
TLR4 targets are the MAPK/JNK/AP-1 pathway and IκBα 
kinases, leading to activation of NF-κB-dependent tran-
scription of pro-inflammatory chemokines (Loiarro et al. 
2010). Experimental targeting of TLR4 improves kidney 
inflammation and also tubulointerstitial damage, fibrosis 
and renal function in experimental ischemia–reperfusion 
(Wu et al. 2007; Zhang et al. 2008; Gluba et al. 2010), but 
its role on CsA nephrotoxicity had not been explored.
In this work, we tested whether the in vivo targeting 
of TLR4 ameliorates CsA-induced kidney inflammation, 
tubulointerstitial damage and fibrosis and further explored 
mechanisms of TLR4 activation in this context.
Materials and methods
Animal models
All animal procedures were performed according to the 
European Community and Animal Research Ethical Com-
mittee guidelines. Animal protocols were approved by the 
IIS-FJD Animal Research Ethical Committee (Comuni-
dad de Madrid, RD 53/2013). Male, 12-week-old wild-
type C57/BL/6 (Charles River, Chatillon-sur-Charlaronne, 
France) or TLR4−/− C57/BL/6 mice (Dr. S Akira, Osaka 
University, Suita, Japan) received 50 mg/kg/day CsA 
(Sandimmun®, Novartis, sc) or vehicle (0.9 % saline, 
sc) for 10 days. A group of mice received 3 mg/kg/day 
TAK242 (Calbiochem, Merck Chemicals, ip) along with 
CsA. A control group was only treated with TAK242. 
Mice (n = 5–8 per group) were euthanized under anesthe-
sia with 35 mg/kg ketamine (ketolar/Pfizer) and 5 mg/kg 
xylazine (Rompun/Bayer) following 10 or 20 days of CsA 
administration. Blood for urea assessment was drawn from 
the femoral artery and kidneys were perfused in situ with 
cold saline before removal. One kidney was snap frozen in 
liquid nitrogen for RNA and protein studies and the other 
fixed and paraffin embedded.
Gene expression studies
Total RNA was extracted from tissue and cells by Tripure 
(Roche, Spain), and 1 μg RNA was reverse transcribed with 
the High-Capacity cDNA Archive Kit (Applied Biosystems, 
Foster City, CA). Quantitative PCR was performed by using 
a 7500 Real-Time PCR System with the Prism 7000 System 
SDS Software (Applied Biosystems). RNA expression was 
corrected for glyceraldehyde 3- phosphate dehydrogenase 
(GAPDH) expression. Predesigned qPCR probes are listed 
in Supplemental Materials and Methods.
Western blot
Standard procedures were applied (See Supplemental 
Materials and Methods; González-Guerrero et al. 2013). 
Primary antibodies to IkB-α (Santa Cruz Biotech, sc-1643) 
and HMGB1 (Abcam, ab18256) were used. Antibodies to 
α-Tubulin (Sigma-Aldrich) were used to correct minor dif-
ferences in protein loading.
Histological studies
Immunostaining was carried out in 3 μm thick tissue sec-
tions that were deparaffinized and antigen retrieved. Endog-
enous peroxidase was blocked and sections incubated over-
night at 4 °C with the primary antibodies: rat polyclonal 
anti-mouse F4/80 (1:50; AbD Serotec, Bio-Rad MCA497); 
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rabbit anti-mouse CD3 (ready to use Flex monoclonal, 
DAKO); rabbit polyclonal anti-mouse p-JNK (1:100, Cell 
Signaling 4668), p-cJUN (1:250, Cell Signaling 3270), 
Stat3 (1:500, Cell Signaling 8768), Fn14 (1:50, Cell Sign-
aling 4403), IRE1α (1:350, Abcam ab48187) and HMGB1 
(1.1000, Abcam ab18256). Image quantification was car-
ried out with ImageProPlus software (MediaCybernetics, 
Bethesda, MD). Negative controls include non-specific 
immunoglobulin and no primary antibody (not shown). For 
TLR4 immunofluorescence tissue sections were incubated 
overnight at 4 °C with rabbit anti-TLR4 (1:100, Santa Cruz, 
sc-16240) and developed with Alexa Fluor™-488 (1:200, 
Life Technologies) for 1 h at room temperature. Tubular 
injury was evaluated in kidney tissue sections stained with 
hematoxylin–eosin by a pathologist (P.C) who was blinded 
to the nature of the samples. Evidence of cell injury (vacu-
olization, necrosis, nuclear alterations) and tubular damage 
atrophy, flattening, macrophages and epithelial cells and 
hyaline cast formation in lumen) were individually scored 
on a semiquantitative scale from 0 to 3. Results from each 
item were added to yield the overall tubular injury score 
(maximal value 21). Kidney fibrosis was quantified on Sir-
ius red-stained tissue sections with ImageProPlus software. 
For a more detailed procedure information, see Supplemen-
tal Materials and Methods.
Cell cultures
The NRK 49F cell line (ATCC: CRL157O, American Type 
Culture Collection, Rockville, MD; USA) is derived from 
rat kidney fibroblasts. MCT cells are a cultured line of 
mouse proximal tubular epithelial cells originally obtained 
from Eric Neilson (Vanderbildt University, Nashville, TN; 
Haverty et al. 1988). Cells were grown in RPMI 1640 
(GIBCO, Grand Island, NY) supplemented with 10 % 
decomplemented fetal bovine serum (DFBS), 2 mM glu-
tamine, 100 U/mL penicillin and 10 mg/mL streptomycin, 
in 5 % CO2 at 37 °C. Cells were treated with the following 
stimuli and inhibitors: endotoxin-free CsA (Calbiochem, 
Merck Chemicals), stock solution made in ethanol (10 mg/
ml); human TGFβ1 (Peprotech); TAK242 (Calbiochem, 
Merck Chemicals); glycyrrhizin (Sigma-Aldrich), stock 
solution made in RPMI (1 mM).
Results
Systemic administration of CsA increases renal TLR4 
expression
We had previously found that engagement of TLRs, and 
particularly, TLR4 mediates CsA proinflammatory effects 
in cultured renal tubular cells (González-Guerrero et al. 
2013). Nevertheless, to date, there is no compelling evi-
dence to prove that TLR4 has a role in vivo in promoting 
CsA-associated nephrotoxicity. In this regard, we have 
now implemented a mouse model of progressive CsA 
nephrotoxicity to explore whether TLR4 inhibition was 
nephroprotective.
Kidneys from mice treated with CsA for 10 days 
revealed higher mRNA levels of TLR4 and of the TLR 
adaptor molecule Myd88 than in control mice thus suggest-
ing a sustained activation of the TLR4 pathway. By con-
trast, CsA-induced upregulation of TLR4 and Myd88 gene 
Fig. 1  Increase in TLR4 expression in CsA nephrotoxicity is pre-
vented by pharmacological TLR4 inhibition with TAK242. A Kidney 
TLR4 and Myd88 mRNA expression was assessed by qRT-PCR in 
mice following 10 days of daily CsA or CsA plus the TLR4 inhibi-
tor TAK242. Results were compared with control untreated mice. 
Mean ± S.D. of 5–8 animals per group. *p < 0.03 versus control; 
#p < 0.03 versus CsA. B Evaluation of kidney TLR4 expression by 
immunofluorescence. In kidneys from CsA-treated mice, an increased 
TLR4 expression was found in the luminal face and cytoplasm of 
tubular cells (yellow arrowheads in c and d) and also in glomeruli 
(green heads in c), whereas mice co-treated with CsA and TAK242 
b exhibited a similar TLR4 staining pattern as the control group (a). 
Original magnification ×200. Scale bar 25 µm (color figure online)
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expression normalized when TLR4 activity was regularly 
inhibited in mice treated with the pharmacological TLR4 
inhibitor TAK242 (Fig. 1A). Consisting with these findings, 
immunohistochemistry disclosed barely if any renal TLR4 
staining in control mice, while CsA-treated mice showed 
an enhanced TLR4 expression in the luminal border and 
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cytoplasm of tubular cells and also in glomeruli, which was 
not observed in kidneys of mice treated with both CsA and 
TAK242 (Fig. 1B).
TLR4 mediates renal inflammation in CsA 
nephrotoxicity
We previously showed that in cultured tubular cells 
TLR4 targeting prevented CsA-induced proinflammatory 
cytokine synthesis (González-Guerrero et al. 2013). We 
now show that in vivo inhibition of TLR4 with TAK242 in 
mice treated with CsA for 10 days resulted in a significant 
reduction in the kidney mRNA expression of promoters of 
renal inflammation, such as the cytokine IL-6, chemokines 
MCP-1, Rantes and IP-10; the endothelial activation mark-
ers ICAM-1 and VCAM-1, and also the TWEAK recep-
tor Fn14, a key mediator of renal inflammation and injury 
(Fig. 2A). To corroborate these results, we took advan-
tage on a second model of TLR4 targeting developed in 
TLR4−/− mice treated with CsA. In this group of animals, 
CsA-induced gene expression of proinflammatory cytokines 
and factors was also reduced (Fig. 2B). Enhanced renal pro-
duction of chemokines contributes to the local inflammatory 
reaction by favoring the recruitment of circulating immu-
nocompetent cells. Pharmacological inhibition or deletion 
of TLR4 prevented the CsA-induced kidney recruitment of 
F4/80 + mononuclear phagocytes and CD3 + T lympho-
cytes, thus demonstrating that TLR4 engagement promotes 
the CsA-induced inflammatory responses (Fig. 2C).
CsA triggering of proinflammatory signaling pathways 
depends on TLR4
Our previous studies introduced the novelty that in cultured 
renal tubular cells, CsA activates the JAK2/STAT3 path-
way and JNK to induce the synthesis of NF-κB-dependent 
proinflammatory cytokines (González-Guerrero et al. 
2013). Western blot analysis of kidney protein extracts 
showed that in vivo TLR4 inhibition with TAK242 or TLR4 
deficiency prevented CsA-induced IκBα degradation, a step 
required for NF-κB activation (Fig. 3A, B). Kidney immu-
nohistochemistry also demonstrated that in vivo functional 
or genetic inhibition of TLR4 abolished CsA-induced cyto-
plasmic JNK phosphorylation/activation in tubular cells. 
In accordance with this finding, TLR4 targeting also pre-
vented the phosphorylation/activation and nuclear translo-
cation of the JNK substrate c-jun which heterodimerizes 
to form the AP-1 transcription factor (Fig. 3C). Similarly, 
in vivo CsA increased tubular cell cytosolic and especially 
nuclear STAT-3 levels, suggesting an upstream JAK2 acti-
vation. Once again, TLR4 targeting prevented CsA-induced 
STAT-3 expression and nuclear translocation (Fig. 3C). 
Likewise, the CsA-induced increase in Fn14 expression 
was also prevented by TAK242 and in TLR4−/− mice 
(Fig. 3C).
There is accumulating evidence that CsA triggers the 
unfolding protein response (UPR) in kidney tubular cells, 
contributing to CsA-induced cytokine expression and 
potentially to CsA nephrotoxicity (Du et al. 2009; Carl-
isle et al. 2012). We now explored whether in vivo TLR4 
targeting influences the CsA-induced renal UPR activa-
tion. Kidney immunochemistry showed that CsA induced 
the nuclear redistribution of IRE1 in tubular cells, denot-
ing IRE1 activation, and this was prevented by TAK242 or 
in TLR4−/− mice (Fig. 4A). On the other hand, analysis of 
the PERK pathway of the UPR showed higher CHOP and 
ATF3 mRNA levels in CsA-treated animals compared to 
control mice, and this was also prevented by TAK242 or in 
TLR4−/− mice (Fig. 4B, C).
TLR4 targeting protects against CsA kidney fibrosis
Tubulointerstitial fibrosis is a hallmark of chronic CsA 
nephrotoxicity. To explore whether TLR4 signaling reg-
ulates CsA-induced kidney fibrosis, we evaluated the 
expression of typical profibrotic genes and the extent of 
collagen deposition. Mice treated with CsA for 10 and 
20 days showed a progressive increase in the transcription 
of renal type 1 collagen (COL-1), fibronectin 1 (FN-1), 
plasminogen activator inhibitor 1 (PAI-1) and transform-
ing growth factor β1 (TGFβ1) compared to control mice. 
By contrast, TAK242 inhibited the CsA-induced kidney 
synthesis of these profibrotic factors (Fig. 5A), and TLR4 
deficient mice were also protected (Fig. 5B). Tubuloint-
erstitial collagen deposition barely changed in mice on 
CsA for 10 days, but was severely increased by day 20 
(Fig. 5C). The impact of TLR4 inhibition on CsA-induced 
renal fibrogenesis was studied in TLR4−/− mice after 
20 days of daily CsA. At this point, CsA TLR4−/− mice 
Fig. 2  Pharmacological or genetic inhibition of TLR4 ameliorates 
kidney inflammation in CsA nephrotoxicity. Renal proinflamma-
tory marker expression profiles in wt mice treated with CsA alone or 
cotreated with CsA and TAK242 for 10 days (A) or in TLR4−/− mice 
treated with CsA for 10 days (B). MCP1, Rantes, IP10, IL-6, ICAM-
1, VCAM-1 and Fn14 mRNA levels were assessed by qRT-PCR. 
Results are expressed as fold increase relative to control mice. Data 
shown are mean ± SD *p < 0.01 versus control; #p < 0.01 versus 
CsA. C Leukocyte infiltration in the kidney detected by immunostain-
ing of mononuclear F4/80-positive and T-lymphocyte CD3-positive 
cells after 10 days of CsA administration. Images are representative 
kidney tissue sections of the total set of mice analyzed and bar charts 
depict the mean ± SD of the percentage of F4/80- and CD3-stained 
area in each group of mice (n = 5–8) expressed as fold change over 
control. Inset images show at higher magnification areas with positive 
staining for F480 or CD3 (indicated by arrows) in both mice treated 
with CsA alone (b, f) and CsA plus TAK242 (c, g), or in TLR4−/− 
mice (d, h). Original magnification ×200. Scale bar 100 µm. 




had significantly lower interstitial collagen deposition 
than CsA wild-type mice (Fig. 5C). To characterize poten-
tial, direct CsA-induced profibrotic effects that are TLR4-
dependent, we studied NRK-49F renal fibroblasts. CsA 
did not modify extracellular matrix synthesis (COL-1, 
FN-1) in these cells (Fig. 5D). By contrast, CsA increased 
the synthesis of PAI-1, a major driver of kidney fibrosis 
(Ma and Fogo 2009; Fig. 5E). However, pharmacological 
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blockade of TLR4 did not significantly modify the CsA-
dependent upregulation of PAI-1 gene expression. Over-
all, these results suggest that TLR4 protection from 
CsA-induced kidney fibrosis does not depend on direct 
modulation of extracellular matrix proteins or profibrotic 
factors in fibroblasts. By contrast, TLR4 inhibition in 
fibroblasts resulted in a decreased CsA-induced MCP1 
expression (Fig. 5F), supporting the concept that the ben-
eficial impact of TLR4-targeting on CsA-induced kidney 
fibrosis may be driven by inhibition of TLR4 proinflam-
matory signaling (Fig. 5F).
TLR4 inhibition attenuates tissue injury and renal 
function loss induced by CsA
To ascertain whether the full spectrum of CsA nephrotox-
icity was dependent on TLR4 activity, we monitored kid-
ney damage and function. Exposure to CsA for 10 days 
increased, and treatment with TAK242 or TLR4 absence 
inhibited, gene expression of the tubular injury markers 
KIM1 and NGAL (Fig. 6A, B). Moreover, TLR4 inhibi-
tion or deletion protected from the progressive histologi-
cal tubular damage induced by CsA at 10–20 days, char-
acterized by tubular dilation, flattening, necrosis and 
atrophy, cast formation and gross cytoplasmic vacuoliza-
tion of tubular cells (Fig. 6C–E). Finally, TLR4 inhibition 
also prevented the decrease in renal function, as shown by 
lower plasma urea levels compared to CsA-treated animals 
(Fig. 6F–G).
Fig. 3  Pharmacological or genetic inhibition of TLR4 reduces pro-
inflammatory signaling in CsA nephrotoxicity. A, B IκBα degrada-
tion was assessed by western blot as indicative of NF-κB activation in 
CsA nephrotoxicity induced in wt mice treated with CsA or cotreated 
with CsA and TAK242 (A) or in TLR4−/− mice (B). Images illus-
trate the IκBα behavior in representative animals of each groups and 
graphs show data expressed as the mean ± SD from the entire set of 
animals studied (n = 5–8). *p < 0.01 versus control; #p < 0.01 versus 
CsA. C Representative immunohistochemistry of activated proinflam-
matory signaling pathways in kidneys from control and CsA-treated 
wt mice and CsA-treated TLR4−/− mice. Inset images show at higher 
magnification relevant changes, namely increased tubular p-JNK 
and Fn14 levels as well as p-cJUN and STAT nuclear translocation 
induced by CsA (pointed by arrows in b, f, i, n) that were greatly 
attenuated or impeded by TAK242 (c, g, k, o) or TLR4−/− targeting 
(d, h, l, p). Original magnification ×200. Scale bar 100 µm
◂
Fig. 4  Renal activation of the UPR by CsA is decreased in mice 
with pharmacological or genetic inhibition of TLR4. A Representa-
tive immunohistochemistry of tubular IRE1α expression in wt mice 
that were left untreated (control) (a) or treated with CsA alone (b) 
or CsA/TAK242 (c) and also CsA-treated TLR4−/− mice (d). Inset 
images show at higher magnification the CsA-induced IRE1α activa-
tion (pointed by arrows) (b) which was otherwise prevented by TLR4 
targeting (c, d). Original magnification ×200. Scale bar 100 µm. B, 
C Renal gene expression of the UPR (PERK branch) members CHOP 
and ATF3 in CsA alone or CsA/TAK242 treatment (B) or TLR4−/− 
(C) mice assessed by q-RT-PCR. Data shown are the mean ± SD 





CsA‑induced HMGB1 intracellular transit precedes 
TLR4 activation
HMGB1 is a danger-associated molecular pattern that 
may activate TLR2 and TLR4 (Wu et al. 2010) and, as 
TLR4, has been involved in promoting kidney injury (Wu 
et al. 2007, 2010). Direct stimulation of TLR4 may result 
in active HMGB1 secretion; however, its passive leak-
age from damaged cells is also possible before ligation to 
TLR4. We addressed the regulation of HMGB1 in mice 
treated with CsA. In vivo CsA administration did not mod-
ify kidney HMGB1 mRNA (Fig. 7A) and protein expres-
sion (not shown). However, immunohistochemistry showed 
that CsA for 10 days decreased nuclear HMGB1 content 
in tubular cells (Fig. 7B). Consistent with this observa-
tion, CsA increased HMGB1 in the cytoplasmic fraction 
of kidney protein extracts when compared to control mice 
(Fig. 7C). TAK242 did not prevent the loss of nuclear 
HMGB1 or the increase in cytoplasmic HMGB1, thus sug-
gesting that HMGB1 misallocation was TLR4-independent 
(Fig. 7B, C). In this regard, the hypothesis that CsA could 
promote the release of HMGB1 from cells, thus leading to 
TLR4 activation was addressed in cultured murine tubular 
cells exposed to CsA. Western blot assays confirmed that 
in control cultured tubular cells, HMGB1 was confined to 
the nucleus, whereas CsA led to the nuclear-cytoplasmic 
translocation and secretion of HMGB1, thus decreasing 
nuclear HMGB1 content (Fig. 7D). In agreement with 
in vivo observations, TLR4 inhibition with TAK242 did 
not prevent the secretion of HMGB1 in response to CsA, 
which is also consistent with HMGB1 release preceding 
TLR4 activation (Fig. 7E). In this regard, ligation of TLR4 
with LPS did not promote HMGB1 secretion, thus further 
suggesting that HMGB1 is released by a mechanism inde-
pendent from TLR4 activation in tubular cells which differs 
from the reported TLR4-dependent release of HMGB1 in 
LPS-stimulated macrophages (Wang et al. 1999; Fig. 7E). 
In this regard, prevention of CsA-induced apoptosis by the 
general caspase inhibitor z-VAD-fmk neither precluded the 
release of HMGB1 nor shifted the apoptotic cells toward 
necrosis (Justo et al. 2003 and results not shown), thus rul-
ing out the occurrence of passive leakage from dying cells 
(Fig. 7D). Remarkably, inhibition of HMGB1 nuclear 
exportation with glycyrrhizin resulted in lower CsA-
induced gene expression of the representative proinflam-
matory chemokine MCP-1 (Fig. 7F). Taken together, these 
data suggest that in vivo CsA could directly induce secre-
tion by tubular cells of HMGB1, a TLR4 ligand that may 
be involved in CsA-induced TLR4 activation.
Discussion
The main finding is that in vivo TLR4 targeting in mice, 
either by pharmacological or genetic means, successfully 
prevented CsA-induced kidney inflammation, tubuloint-
erstitial injury and fibrosis and loss of renal function. In 
fact, CsA nephrotoxicity depends almost exclusively on an 
intact TLR4 signaling pathway.
Inflammation has been identified as an important patho-
genic mechanism in several models of kidney injury, includ-
ing drug nephrotoxicity, acute kidney injury and chronic 
obstructive damage. Thus, proinflammatory signaling 
pathways, soluble cytokines and chemokines, leukocyte 
cell subsets and endothelial activation, have been success-
fully targeted in experimental models to inhibit kidney 
injury and fibrosis progression (Sanz et al. 2010; Kitching 
and Holdsworth 2011; Lee et al. 2011; Borthwick et al. 
2013; Cao et al. 2015; Zafrani and Ince 2015). By contrast, 
albeit inflammation is associated to CsA nephrotoxicity in 
experimental models and clinical samples, there is scarce 
information derived from experiments targeting inflamma-
tory factors in vivo that provide insights into a potentially 
causative contribution of inflammation to CsA nephrotox-
icity. We previously observed that inflammation is an early 
event in a murine model of accelerated CsA nephrotoxicity 
and cell culture studies suggested the participation of TLR4 
as a mediator of CsA-induced proinflammatory responses 
in tubular cells (González-Guerrero et al. 2013). However, 
until now, it was unknown whether TLR4 also mediates pro-
inflammatory responses in CsA nephrotoxicity in vivo and 
whether this contributed to the functional and histological 
kidney abnormalities caused by CsA. The present results 
Fig. 5  Renal CsA-induced fibrosis is prevented by pharmacological 
or genetic TLR4 targeting. A, B Renal gene expression of key profi-
brotic genes (COL-1, FN-1, PAI-1, TGFβ1) assessed by q-RT-PCR in 
CsA- and CsA/TAK242-treated (*p < 0.01 vs. control; #p < 0.02 vs. 
CsA) (A) or in TLR4−/− mice (*p < 0.05 vs. control; #p < 0.05 vs. 
CsA) (B). Data shown are mean ± SD (n = 5–10 per group). C Kid-
ney tubulointerstitial collagen accumulation assessed by picrosirius 
red staining in wt and TLR4−/− mice following 20-day treatment with 
CsA. Magnification ×200. Bar chart shows the percentage of picro-
sirius red-stained area and results are expressed as fold change over 
control. *p < 0.01 versus control; #p < 0.01 versus CsA (n = 5 mice 
per group). Original magnification ×200. Scale bar 100 µm. D CsA 
does not induce the synthesis of extracellular matrix proteins in renal 
fibroblasts. NRK-49F cells were treated with 2.5 µg/ml CsA for 48 h. 
Type 1 collagen 1 (COL1) and fibronectin 1 (FN1) were assessed by 
western blot in cell-culture-conditioned media. Figure shows a repre-
sentative experiment (n = 3). E CsA-induced PAI-1 gene expression 
is not affected by TLR4 inhibition in renal fibroblasts. NRK-49F cells 
were treated with 2.5 µg/ml CsA for 48 h. PAI-1 mRNA expression 
was assessed by q-RT-PCR. Results are expressed as the mean ± SD. 
*p < 0.05 versus control (n = 3). F Pharmacological inhibition of 
TLR4 prevents CsA-induced MCP-1 gene synthesis in renal fibro-
blasts. NRK-49F cells were treated with 2.5 µg/ml CsA alone or in 
the presence of 10 µM TAK242 (added 1 h before the stimulus) for 
6 h. MCP-1 mRNA expression was assessed by q-RT-PCR. Results 
are expressed as the mean ± SD. *p < 0.05 versus control; #p < 0.05 




show that in vivo targeting of TLR4 by small molecules 
or genetic means reduced the renal transcription of a com-
plete set of NF-κB-dependent cytokines and chemokines 
(MCP-1, Rantes, IP-10, IL-6) and endothelial activation 
markers (VCAM-1, ICAM-1). Moreover, these findings 
were accompanied by a milder kidney infiltration by mon-
onuclear phagocytes and T lymphocytes. The synthesis of 
many proinflammatory cytokines follows the activation 
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of signaling pathways and transcription factors, such as 
c-Jun and STAT3, which interact and work together with 
NF-κB (Schulze-Osthoff et al. 1997; Fujioka et al. 2004; 
de Borst et al. 2009; Grivennikov and Karin 2010). C-Jun 
mediates inflammatory responses when activated by phos-
phorylation following activation of the MAPKs ERK, p38 
and JNK. Indeed, blockade of JNK and c-Jun prevented the 
renal upregulation of proinflammatory factors and leukocyte 
infiltration in kidney ischemia–reperfusion (de Borst et al. 
2009; Kanellis et al. 2010) and CsA-induced inflammatory 
responses in cultured renal tubular cells (González-Guerrero 
et al. 2013). MAPKs are typically activated by TLR signal-
ing during the innate immune response (González-Guerrero 
et al. 2013). Thus, a TLR4-dependent increase in JNK was 
reported in experimental cisplatin nephrotoxicity (Zhang 
et al. 2008). In agreement with these findings, we have now 
confirmed that in vivo inhibition of TLR4 activity or expres-
sion also prevented the CsA-dependent induction of tubu-
lar JNK and c-Jun activation. The JAK2/STAT3 pathway 
is associated with kidney inflammation and fibrosis (Ortiz-
Muñoz et al. 2010; Wang et al. 2010a, b; Koike et al. 2014). 
Indeed, CsA activates the JAK2/STAT3 pathway in mouse 
kidney, and JAK2 inactivation decreased tubular cell injury 
and apoptosis (Neria et al. 2009). Moreover, JAK2 inhibi-
tion blocked CsA-dependent proinflammatory activities 
in cultured tubular cells (González-Guerrero et al. 2013). 
Engagement of JAK2 or the JAK2/STAT3 pathway down-
stream of TLR4 was first reported in macrophages and also 
occasionally observed in other cell types (Okugawa et al. 
2003; Lee et al. 2013; Zhang et al. 2015). We now show that 
in vivo TLR4 targeting suppresses the CsA-induced tubular 
STAT3 activation and nuclear translocation, suggesting that 
JAK2/STAT3 activation is TLR4-dependent in CsA nephro-
toxicity in vivo. In this regard, we also observed that TLR4 
blockade also inhibited CsA-induced expression of kidney 
IL-6, and IL-6 is a classical JAK2/STAT3 activator (O’Shea 
et al. 2013). Taken together, these results support the con-
cept that in vivo TLR4 inhibition could reduce CsA-induced 
renal inflammation by downmodulating the CsA-elicited 
JNK/c-JUN and JAK2/STAT3 activation, which are TLR4-
dependent responses.
The receptor Fn14 and its ligand, TWEAK, constitute a 
key proinflammatory axis in the kidney (Sanz et al. 2008; 
Rayego-Mateos et al. 2013). Fn14 regulates many proin-
flammatory signaling pathways resulting in NF-κB acti-
vation (Sanz et al. 2008). Fn14 expression is increased in 
acute and chronic kidney injury and TWEAK/Fn14 target-
ing reduces kidney chemokine expression, tubular damage 
and fibrosis (Sanz et al. 2008; Sanchez-Niño et al. 2013; 
Ucero et al. 2013a, b). We have now shown for the first time 
that kidney Fn14 is upregulated in CsA nephrotoxicity in 
a TLR4-dependent fashion. Since inflammatory cytokines 
increase Fn14 synthesis, and Fn14 signaling recruits 
MAPK/JNK and JAK2/STA3 signaling (Justo et al. 2006; 
Sanz et al. 2009; Ucero et al. 2013a, b), Fn14 engagement 
following TLR4 activation may constitute an amplification 
loop of the inflammatory process in CsA nephrotoxicity.
In renal tubular cells, CsA induces endoplasmic reticu-
lum stress which triggers the UPR (González-Guerrero 
et al. 2013). We now show that in vivo TLR4 targeting pre-
vents CsA-mediated UPR responses potentially involved 
in renal inflammation and damage, namely IRE1α, CHOP 
and ATF3 upregulation. IRE1α is a UPR sensor that pro-
motes the production of proinflammatory cytokines in 
macrophages following TLR4 activation and activates 
JNKs in several cell types (Urano et al. 2000; Martinon 
et al. 2010; Zhu et al. 2014). In this regard, IRE1α medi-
ates CsA-induced inflammation in cultured renal tubular 
cells (González-Guerrero et al. 2013). On the other hand, 
CHOP and ATF3 are engaged by the PERK pathway of the 
UPR. CHOP regulates the transcription of kidney proapop-
totic genes and promotes renal ischemia/reperfusion injury 
in mice (Dong et al. 2014; Noh et al. 2015). ATF3 activa-
tion in response to TLR4 engagement negatively regulates 
TLR4 signaling (Gilchrist et al. 2006; Whitmore et al. 
2007) and the inflammatory reaction and apoptosis follow-
ing murine kidney ischemia/reperfusion (Li et al. 2010). 
Moreover, ATF3 overexpression in kidney tubular cells 
attenuates CsA-induced CHOP synthesis and cell death 
(Choi et al. 2014). Overall, results presented herein suggest 
that CsA-induced UPR in kidney cells is TLR4-dependent 
in vivo and may lead to amplification of inflammation and 
cell death, despite the compensatory ATF3 response. Thus, 
Fig. 6  Pharmacological or genetic inhibition of TLR4 improved 
CsA-induced tubulointerstitial injury and renal dysfunction. Daily 
CsA injections were administered in wt mice for 10 days and in 
TLR4−/−mice for 10 days (*p < 0.05 vs. control; #p < 0.05 vs. CsA.) 
or 20 days (*p < 0.01 vs. control; #p < 0.01 vs. CsA). A, B Renal 
gene expression of key tubular damage markers. KIM-1 and NGAL 
mRNA expression was assessed by q-RT-PCR in wt mice under treat-
ment with CsA or CsA/TAK242 (*p < 0.01 vs. control; #p < 0.01 
vs. CsA) (A) and in CsA-treated TLR4−/− mice (*p < 0.05 vs. con-
trol; #p < 0.01 vs. CsA) (B). Data shown are mean ± SD (n = 5–10 
per group). C, D Semiquantitative histopathological assessment 
of kidney tubular injury in hematoxylin/eosin (H/E)-stained kid-
ney sections by a tubulointerstitial injury score. Daily CsA injec-
tions were administered in wt mice for 10 days (*p < 0.01 vs. con-
trol; #p < 0.05 vs. CsA) (C) or in TLR4−/− mice for 10 (*p < 0.05 
vs. control; #p < 0.05 vs. CsA.) or 20 days (*p < 0.01 vs. control; 
#p < 0.01 vs. CsA) (D). E Representative images of H/E-stained kid-
ney structures from the same group of animals studied in C and D. 
Areas of tubular injury were characterized by dilation and cast forma-
tion (diamonds), vacuolization (arrowheads) and loss of tubular cells 
and apoptosis (arrows) (b). Similar to control kidneys (a), renal tis-
sue from TAK242 treated or TLR4−/− mice show a preserved renal 
structure (c, d). Original magnification ×200. Scale bar 100 µm. F, 
G Plasma urea levels as marker of renal function in response to CsA 
and TAK242 (F) or in TLR4−/− mice (G). Mean ± SD (n = 5–8), 




TLR4 targeting decreases the activation of potentially inju-
rious pathways such as IRE1/JNK and PERK/CHOP and 
makes no longer necessary the negative feed-back loop rep-
resented by ATF3 activation.
CsA nephrotoxicity is characterized by chronic progres-
sive fibrosis. Results of the present paper highlight a role of 
TLR4 in CsA-induced kidney fibrosis. Thus, in vivo TLR4 
targeting downmodulated CsA-induced kidney profibrotic 
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and extracellular matrix gene expression and collagen dep-
osition. A reduced renal fibrosis was previously reported 
in obstructed kidneys from TLR4−/− mice or in obstructed 
wild-type kidneys transplanted into TLR4−/− recipient 
mice, suggesting a role for TLR4 as a mediator of renal 
fibrosis (Wang et al. 2010a, b; Campbell et al. 2011). How-
ever, persistent tubulointerstitial inflammation is a funda-
mental contributor to the development of kidney fibrosis 
(Meng et al. 2014). Thus, protection from kidney fibrosis 
in TLR4-targeted mice may result from a direct effect of 
TLR4 on fibrosis or from decreased inflammation lead-
ing to decreased fibrosis. We explored direct CsA-induced 
profibrotic effects on kidney fibroblasts but found no evi-
dence of direct TLR4-mediated modulation of pro-fibrotic 
events in fibroblasts. Thus, we hypothesize that protection 
afforded by TLR4 targeting against CsA-induced kidney 
fibrosis may be a consequence of decreased inflammation 
or decreased inflammation-induced tubular cell injury. In 
this regard, soluble mediators of inflammation may cause 
tubular cell injury (Meng et al. 2014; Borthwick et al. 
2013; Justo et al. 2006) and TLR4 targeting prevented early 
tubular dysfunction, morphological changes and apoptosis 
in our in vivo model and cultured tubular cells.
A fact deserving discussion is how CsA activates 
TLR4. In vivo administration of CsA upregulated kidney 
TLR4 expression in epithelial cells, in agreement with 
findings in other forms of inflammation-induced tissue 
injury (El-Achkar et al. 2006; Zhang et al. 2008). While 
TLR4 upregulation after inflammation may potentiate 
the deleterious effects of CsA, in cultured tubular cells 
CsA elicited an early TLR4-mediated cytokine response 
(González-Guerrero et al. 2013) without increasing TLR4 
gene expression (results not shown), suggesting that CsA 
nephrotoxicity may rely on constitutive TLR4 expres-
sion activated in response to changes in the availability 
of endogenous TLR4 ligands. In this regard, we showed 
that CsA mobilizes HMGB1 in kidney and that in cultured 
tubular cells the CsA-dependent secretion of HMGB1 is 
independent from TLR4 and also from the known lethal-
ity of CsA in this cell type, which can be prevented by 
caspase inhibitors (Justo et al. 2006). In addition, func-
tional inhibition of the CsA-induced HMGB1 secretion 
prevented MCP1 synthesis. Although these results suggest 
the involvement of HMGB1 in mediating CsA-dependent 
TLR4 activation, they do not preclude the possibility that 
HMGB1 may also activate TLR2 and RAGE receptors, or 
that additional TLR4 ligands are involved. Biglycan and 
HSP70 are additional endogenous TLR4 ligands intrinsi-
cally associated to inflammation. Despite not specifically 
addressed in this work, it is conceivable that not just one, 
but a set of TLR4 ligands may either initiate or help to 
maintain TLR4 signaling during the CsA nephrotoxicity. 
In such a way, TLR4 expression may arise as a limiting 
step governing CsA-induced kidney injury, and as such, 
it could be considered as a key pharmacological target in 
CsA nephrotoxicity.
We have focused on CsA as model CNI since it is the 
only CNI included in the WHO list of essential medicines. 
However, tacrolimus elicits similar proinflammatory and 
damage mechanisms in cultured tubular cells (Berzal et al. 
2012; González-Guerrero et al. 2013) and in vivo tacroli-
mus causes nephrotoxicity with similar characteristics to 
CsA (Naesens et al. 2009; Issa et al. 2013).
In conclusion, in this paper, we demonstrated for the first 
time a direct implication of TLR4 signaling in the CsA-
induced kidney inflammation, injury and fibrosis in vivo, 
and this opens the possibility of decreasing CsA nephrotox-
icity by preventing TLR4 activation. Additional characteri-
zation of the precise TLR4 ligand or ligands involved may 
expand the range of potential therapeutic interventions to 
be explored.
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Fig. 7  Secreted HMGB1 participates in the CsA-induced TLR4 acti-
vation. A CsA nephrotoxicity does not change HMGB1 gene expres-
sion. HMGB1 mRNA levels were evaluated by q-RT-PCR in kidneys 
from control and CsA-treated mice. Mean ± SD (n = 5–8). B Repre-
sentative immunohistochemistry images of HMGB1 in CsA nephro-
toxicity. Inset images show at higher magnification tubular cells with 
normal (yellow arrowheads in control) or diminished or even absent 
(yellow arrowheads in CsA or CsA plus TAK242) nuclear HMGB1. 
Original magnification ×200. Scale bar 100 µm. C Cytoplasmic 
HMGB1 content in kidney protein extracts assessed by western 
blot after 10 days of CsA or TAK242/CsA treatment. Mean ± SD 
(n = 5–8), *p < 0.05 versus control. D Nuclear to cytoplasmic 
HMGB1 transit induced by CsA in cultured renal tubular cells. The 
HMGB1 content was measured by western blot in nuclear and cyto-
plasmic protein extracts as well as in the extracellular medium of 
MCT cells treated for 24 h with 10 µg/ml CsA alone or in the pres-
ence of the apoptosis inhibitor z-vad-fmk (ZVAD). The figure shows 
a representative experiment from a total of three independent experi-
ments. E Representative western blot of HMGB1 in supernatants of 
MCT cells stimulated with 10 µg/ml CsA or 1 µg/ml LPS for 24 h in 
the presence or absence of TAK242 added 1 h before CsA stimula-
tion. F MCP1 mRNA levels were evaluated by q-RT-PCR in MCT 
cells incubated with 10 µg/ml CsA alone or pretreated with 1 mM 
glycyrrhicin for 6 h. Bar graphs represent the mean ± SD of three 
independent experiments. *p < 0.05 versus control; #p < 0.05 versus 
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Calcineurin inhibitors cyclosporine 
A and tacrolimus induce vascular 
inflammation and endothelial 
activation through TLR4 signaling
Raquel Rodrigues-Diez1, Cristian González-Guerrero1,*, Carlos Ocaña-Salceda1,*, 
Raúl R. Rodrigues-Diez1, Jesús Egido1,3, Alberto Ortiz1,3, Marta Ruiz-Ortega2 & 
Adrián M. Ramos1
The introduction of the calcineurin inhibitors (CNIs) cyclosporine and tacrolimus greatly reduced the 
rate of allograft rejection, although their chronic use is marred by a range of side effects, among them 
vascular toxicity. In transplant patients, it is proved that innate immunity promotes vascular injury 
triggered by ischemia-reperfusion damage, atherosclerosis and hypertension. We hypothesized that 
activation of the innate immunity and inflammation may contribute to CNI toxicity, therefore we 
investigated whether TLR4 mediates toxic responses of CNIs in the vasculature. Cyclosporine and 
tacrolimus increased the production of proinflammatory cytokines and endothelial activation markers 
in cultured murine endothelial and vascular smooth muscle cells as well as in ex vivo cultures of murine 
aortas. CNI-induced proinflammatory events were prevented by pharmacological inhibition of TLR4. 
Moreover, CNIs were unable to induce inflammation and endothelial activation in aortas from TLR4−/− 
mice. CNI-induced cytokine and adhesion molecules synthesis in endothelial cells occurred even in the 
absence of calcineurin, although its expression was required for maximal effect through upregulation 
of TLR4 signaling. CNI-induced TLR4 activity increased O2−/ROS production and NF-κB-regulated 
synthesis of proinflammatory factors in cultured as well as aortic endothelial and VSMCs. These data 
provide new insight into the mechanisms associated with CNI vascular inflammation.
Chronic allograft vasculopathy is a pathological condition that impairs endothelial function and integrity and 
negatively impacts on the half-life of both solid organ engrafted and patients. Among many other causes that 
contribute to chronic allograft vasculopathy, such as immune rejection, ischemic damage, hypertension and ath-
erosclerosis, it is widely known that therapies based on the use of the calcineurin inhibitors (CNIs) cyclosporine 
A (CsA) and tacrolimus are main contributors in the development of this transplant-associated complication1–4.
Endothelial damage and dysfunction that results in systemic hypertension are among the most recognized 
vascular affections in solid organ transplantation patients on CNIs. Mechanistically, apoptosis, oxidative stress 
and the inhibition of endothelium-derived NO production may contribute to CNI-induced endothelial cell dam-
age and dysfunction5–7 . Moreover, there are evidences that vascular toxicity of CNIs also implicates vascular 
smooth muscle cells (VSMCs)8. Moreover, higher expression levels of TGFβ -1 receptor in endothelial cells caused 
renal arteriolar hyalinosis, which is associated to kidney dysfunction and glomerulosclerosis9. Even though CNIs 
potently reduce the activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κ B) in 
T cells, we have demonstrated the opposite effect in renal tubular cells10. Nonetheless, whether a similar NF-κ B 
activation leading to inflammation can occur in vascular cells exposed to CNIs has not been addressed yet.
Activation of the innate immune system resulting in inflammation is an adaptive response aiming at elimi-
nating invading microorganisms or re-establishing normal tissue functions after damage11. However, sustained 
stimulation of the innate immunity may lead to inflammatory diseases. Toll-like receptors (TLRs) are key sensors 
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of the innate immune system which are widely distributed in immune cells as well as in other cell types, including 
endothelial and VSMCs. Activation of TLRs results from binding to microbial toxins or pathogen-associated 
molecular patterns (PAMPs) and to intracellular ligands or damaged-associated molecular patterns (DAMPs) 
released from stressed tissues. Signaling through TLR4 requires engagement of the cytoplasmic adaptor mole-
cules Myeloid differentiation factor 88 (MyD88) and Toll/IL-1 receptor (TIR) domain-containing adaptor pro-
tein inducing interferon-β (IFNβ) (TRIF). Main downstream targets of MyD88 and TRIF-adapted signaling 
are the NF-κ B pathway, the MAPK cascades and the interferon pathway which is exclusively regulated from 
TRIF-derived signals12. A common end outcome in cell expressing TLR4 is the synthesis of many proinflam-
matory molecules, namely cytokines, chemokines and soluble mediators of inflammation13. On the other hand, 
TLR signaling must be restrained to avoid damaging and improper inflammatory responses through a battery of 
soluble decoy TLRs and intracellular negative regulators for TLR4-derived signaling pathways14. TLR4 expressed 
on endothelial and VSMCs has been proposed to contribute to vascular inflammatory responses15,16. TLR4 is also 
required for triggering early vascular events accessory to inflammation, such as endothelial activation during 
ischemic damage in acute kidney injury and allogenic kidney transplantation18,19. Moreover, recent investigations 
have highlighted a role of TLR4 in experimental vascular injury by mediating not only inflammation but also 
dysfunction, remodelling and stiffness associated with spontaneous or induced hypertension in rats20. These data 
pointed to a role of TLR4 activation in vascular damage and dysfunction. Nonetheless, the involvement of TLR4 
as mediator of CNI-induced vascular injury has not been studied to date. We show in this study that in relevant 
vascular cell types and in aortic tissue, CNIs induce vascular inflammation through a previously non described 
mechanism involving TLR4 activation.
Material and Methods
Cells and reagents. The murine MS1 (Mile Sven 1) pancreatic islet endothelial cell line, obtained from 
American Type Culture Collection (ATCC® , CRL-2279TM), is a commonly used model of microvascular endothe-
lium. MS1 cells were cultured in high glucose (4.5 g/l) Dulbecco’s modified Eagle’s medium (DMEM), supple-
mented with 5% decomplemented (heat inactivated) fetal bovine serum (FBS), 120 U/mL streptomycin/penicillin 
and 4 mM L-Glutamine, in 5% CO2 at 37 °C. MOVAS (ATCC® , CRL-2797TM) is an established VSMC line from 
C57BL/6 mice. Cells were grown in DMEM supplemented with 10% FBS, 2 mM L-Glutamine and 0.2 mg/ml 
G-418 (all reagents obtained from Lonza). For experiments, cells at 80% confluence were growth-arrested by 
serum starvation for 24 h. Endotoxin-free CsA (Calbiochem, Merck Chemicals) and tacrolimus (USBiological) 
stock solutions (10 mg/ml) were dissolved in ethanol. CLI-095 (InvivoGen) was used according to manufactur-
er’s time and dose recommendations. The NF-κ B inhibitor parthenolide, the TRIF inhibitor resveratrol and the 
antioxidants 4′-hydroxy-3′methoxyacetophenone (apocynin) and diphenyleneiodonium chloride (DPI) were 
from Sigma-Aldrich. These reagents were used at concentration derived from prior dose-response studies in our 
laboratory or from bibliographic data.
Gene expression studies. One μ g RNA isolated by Tripure (Roche) was reverse transcribed with High 
Capacity cDNA Archive Kit and real-time PCR was performed on a ABI Prism 7500 PCR system (Applied 
Biosystems, Thermo Fisher Scientific) using the DeltaDelta Ct method. RT-PCR was performed using the follow-
ing fluorogenic (FAM or VIC) predesigned primers (Applied Biosystems, Thermo Fisher Scientific): Ccl2/MCP1 
(Mm00441242_m1), Ccl5/RANTES (Mm01302428_m1), Il6 (Mm00446190_m1), Tnfa (Mm00443258_m1), 
Icam1 (Mm00516023_m1), Vcam1 (Mm01320970_m1), Sele (Mm01310197_m1), Et1 (Mm00438656_m1), Infb1 
(Mm00439552_s1), IRF1 (Mm01288580_m1), IRF7 (Mm00516793_m1). Results were expressed in copy num-
bers, calculated relative to unstimulated cells or aortas, after normalization against GAPDH using the ABIPrism 
7500 Fast sequence detection PCR system software (Applied Biosystems).
ELISA. Cells were stimulated with CsA (10 μ g/ml) or tacrolimus (20 μ g/ml) and murine MCP-1 and VCAM-1 
were determined in the supernatants by ELISA according to manufacturer’s recommendations (BD).
Gene silencing. Gene silencing by RNA interference in cultured cells was performed using predesigned 
small interfering RNA (siRNA) corresponding to MyD88 (#S201719), calcineurin (#S72075) or a scrambled siR-
NAs (#4390843) (Ambion, Thermo Fisher Scientific). Subconfluent cells were overnight transfected with 25 nM 
(MyD88), 100 nM (calcineurin) siRNA or with the scrambled siRNA used at the same concentration as the spe-
cific siRNA, employing 50 nM Lipofectamine RNAiMAX (Invitrogen) or treated only with lipofectamine vehicle, 
according to the manufacturer’s instructions. Then, cells were incubated with 10% heat-inactivated (FBS) for 24 h, 
followed by 24 h in serum-free medium before the experiments.
Western blot. Protein content from cell extracts homogenized in lysis buffer (50 mmol/L Tris, 150 mmol/L 
NaCl, 2 mmol/L EDTA, 2 mmol/L EGTA, 0.2% Triton X-100, 0.3% NP-40, 0.1 mmol/L PMSF, 25 mmol/L NaF) 
was determined by the bicinchoninic acid method (Pierce Biotechnology). Proteins were separated by 10% 
SDS-PAGE under reducing conditions and then blotted onto nitrocellulose membranes. Membranes were 
blocked with 5% skim milk in TBS-T (0.05 mol/L Tris, 0.15 mol/L NaCl, 0.05% Tween 20, pH 7.4). Thereafter, 
membranes were overnight probed at 4 °C with specific primary antibodies in the same blocking solution or 
5% BSA in TBS-T and then incubated with secondary HRP-conjugated antibodies for 1 h at room tempera-
ture. Primary antibodies used were: MyD88 (#4283), phospho-Iκ Bα (#2859) and phospho-p65 (Ser536) (#3033) 
from Cell Signaling Technology; calcineurin (panA) (#07-1491) from Merck Millipore and phospho-IRF3 
(pSer936) (#SAB4504031) from Sigma-Aldrich. Antibodies to α -Tubulin (Sigma-Aldrich) and mouse polyclonal 
anti-GAPDH (Merck-Millipore) were used to correct minor differences in protein loading.
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Immunofluorescence. MS1 cells seeded in 24-well culture plates over glass coverslips. Then, cells were fixed 
in 4% paraformaldehyde/PBS, permeabilized in 0.1% Triton X-100/ BSA 2%/ PBS for 5 minutes, washed with 
PBS and then blocked with 2% BSA/PBS for 1 h. Then, cells were incubated with rabbit polyclonal anti-RelA/p65 
(1:100) (Santa Cruz Biotechnology #sc-372) followed byAlexaFluorTM488 conjugated anti-rabbit antibody (1:500, 
Invitrogen) and nuclei counterstained with DAPI.
Tissue immunofluorescence was carried out in 5 μ m thick Tissue Tek OCT-embedded (Sakura Fineted 
Europe BV) aorta sections. Slides were rehydrated with 2% BSA in PBS during 1 h. After a blocking step, tis-
sue sections were overnight incubated with the following primaries antibodies: anti NF-κ B/p65 (1:50) (Santa 
Cruz Biotechnology #sc-372), anti CD31 (1:50) (Santa Cruz Biotechnology #sc-1506) and anti α SMA-FITC 
(1:300) (Sigma-Aldrich #F3777). Tissue incubation with p65 plus CD31 or α SMA antibodies was simultane-
ously carried out. After primary antibody step, tissue samples were incubated with the following secondary 
antibodies: AlexaFluorTM568 conjugated goat anti-rabbit antibody for detection of p65 in endothelial cells 
(1:250, Invitrogen), AlexaFluorTM647 conjugated goat anti-rabbit antibody for detection of p65 in VSMC (1:250, 
Invitrogen) and AlexaFluorTM488 donkey anti goat for CD31 (1:250, Invitrogen). Nuclei were counterstained with 
DAPI (Sigma-Aldrich).
In situ production of O2−/ROS was evaluated through the oxidative fluorescent dye dihydroethidium (DHE) 
(Molecular Probes, Thermo Fisher Scientific). Briefly, OCT-embedded aortic section were equilibrated in KHS 
(30 min, 37 °C) and incubated with DHE (5 μ M, 30 min, 37 °C). DHE was detected by excitation at 540 nm and 
emission at 610 nm. The elastin layer was captured by autofluorescence (excitation at 488 nm). Both cells and 
tissue section were mounted in ProLong® Gold Antifade Reagent (Invitrogen) and analyzed with a TCS SP5 
fluorescent laser scanning confocal microscope (Leica).
Tissue preparation. Studies were performed in 16–24 weeks old wild-type C57BL/6 mice (Charles River 
Laboratories) or in TLR4 knockout mice of the same background (kindly provided by Dr. Consuelo Guerri, 
Centro de Investigación Príncipe Felipe, Spain and originally donated by Dr. S. Akira, Osaka University, Japan). 
Animals were maintained at the local animal facilities, with free access to food and water, normal light-dark cycles 
and under special pathogen-free conditions. Mice were sacrificed under anesthesia with Isofluorane (Abbott 
Laboratories) and aortas were dissected free of fat and connective tissue. Then, tissue sections were placed in 
culture plates, covered with DMEM medium and left untreated overnight at 37 °C to recover the basal state. Next, 
aortic segments were stimulated with CsA or tacrolimus alone or in the presence of CLI-095, and then processed 
according to the procedure of interest. For assessment of O2−/ROS production and NF-κ B/p65 location by confo-
cal microscopy, tissue samples were placed in cold Krebs-Henseleit solution (KHS in mM: 115 NaCl, 25 NaHCO3, 
4.7 KCl, 1.2 MgSO4.7H2O, 2.5 CaCl2, 1.2 KH2PO4, 11.1 glucose, and 0.01 Na2EDTA) containing 30% sucrose 
for 20 min, then transferred to a cryomold containing a Tissue Tek OCT-embedding medium (Sakura Finetek 
Europe BV) and then frozen at − 80 °C. For gene expression studies, aorta segments were immediately frozen in 
liquid nitrogen and kept at − 80 °C. All the procedures on animals were performed according to the European 
Community and Animal Research Ethical Committee guidelines. The animal protocols were approved by the 
Instituto de Investigación Sanitaria Fundación Jiménez Díaz Animal Research Ethical Committee (body author-
ized by the Dirección General de Medioambiente, Consejería de medioambiente y Ordenación del Territorio, 
Comunidad de Madrid, RD 53/2013).
Statistics. Statistical analysis was performed using SPSS 11.0 (SPSS, Chicago, IL). Results are expressed as 
mean ± SEM. Significance at the p < 0.05 level was assessed by non-parametric Mann-Whitney test for two inde-
pendent samples.
Results
In murine endothelial cells, CNIs promote the synthesis of NF-κB-dependent chemokines and 
adhesion proteins. Endothelia are highly exposed to the toxic action of circulating CNIs. To assess whether 
CNIs induce direct proinflammatory effects in endothelial cells, cultured murine endothelial cells were treated 
with CsA or tacrolimus under standard in vitro dose and time conditions10,21 and the mRNA and protein expres-
sion of key proinflammatory cytokines and adhesion molecules were assessed by PCR and ELISA assays, respec-
tively. Treatment with CsA and tacrolimus caused a dose-dependent upregulation of the chemokines monocyte 
chemotactic protein-1/chemokine (C-C motif) ligand 2 (MCP1/CCL2) and regulated on activation normal T cell 
expressed and secreted/chemokine (C-C motif) ligand 5 (RANTES/CCL5) gene expression at 6 h (Fig. 1A). At the 
same time, CsA and tacrolimus also induced the mRNA synthesis of relevant vascular proinflammatory cytokines 
and endothelial activation markers, namely IL-6 and TNF-α , and intercellular adhesion molecule 1 (ICAM-1) 
and vascular cell adhesion molecule 1 (VCAM-1), respectively (Fig. 1B). Accordingly, when supernatants of cul-
tured cells were analyzed by ELISA, a time-dependent accumulation of the corresponding CCL2 and ICAM-1 
secreted proteins was also found (Fig. 1C,D).
Activation of NF-κ B is intrinsically involved in regulating the inflammatory response in the cardiovascular 
system22,23. Nuclear translocation of NF-κ B/p65 subunit is a key event in NF-κ B activation. An increased nuclear 
NF-κ B/p65 content in cells treated with CsA or tacrolimus for 30 min, which is compatible with the upregulated 
synthesis of proinflammatory factors previously found, was observed by confocal immunofluorescence (Fig. 2A). 
Indeed, pretreatment of cells with the NFκ B inhibitor parthenolide23, prevented the CNI-induced CCL2, CCL5, 
ICAM-1 and VCAM-1 expression (Fig. 2B). Taken together, these results are consistent with a role of NF-κ B 
regulating the CNI-induced proinflammatory events in endothelial cells.
Toll-like receptor signaling is a key event mediating CNI-induced proinflammatory activity in 
endothelial cells. The vasculature may react against injury by activating TLRs, which are key innate immunity 
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sensors that promote endothelial activation and inflammation. Since lack of the adaptor protein MyD88 precludes 
TLR-derived signaling leading to NF-κ B activation, we studied the role of TLRs in CNI-induced proinflammatory 
events by gene silencing of MyD88 expression in endothelial cells. Knockdown of MyD88 was successfully achieved 
in cells transfected with a specific MyD88-siRNA as judged by the very low protein expression compared to cells 
Figure 1. CNIs induce the expression of inflammatory mediators and endothelial activation markers in 
murine endothelial cells. The expression of proinflammatory cytokines and endothelial activation markers was 
evaluated in murine endothelial cells exposed to cyclosporine (CsA) or tacrolimus (Tac). (A) Dose-dependent 
CCL2 and CCL5 mRNA expression in cells treated for 6 h with 10–20 μ g/ml CsA or Tac, assessed by qRT-PCR. 
(B) TNF-α , IL-6, ICAM-1 and VCAM-1 mRNA expression in cells treated with 10 μ g/ml CsA and 20 μ g/ml 
Tac, qRT-PCR. (C,D) CCL2 (C) or ICAM-1 (D) protein levels assessed by ELISA in supernatants from cells 
stimulated with 10 μ g/ml CsA, 20 μ g/ml Tac or vehicle (Control). Data represent the mean ± SEM of three 
independent experiments. * p ≤ 0.05 vs control.
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transfected with a scramble siRNA (Fig. 3A). In addition, functional assays showed that MyD88 silencing pre-
vented the CCL2 and ICAM-1 synthesis induced by LPS, a known agonist of the TLR/MyD88 pathway (Fig. 3B,C). 
Significantly, MyD88 knockdown also decreased CNI-induced CCL2 and ICAM-1 protein synthesis, as assessed by 
ELISA in culture supernatants (Fig. 3B,C). Moreover, taking tacrolimus as representative CNI, MyD88 deficiency 
resulted in the inhibition of key events leading to NF-κ B pathway activation, namely Iκ Bα and p65 phosphoryla-
tion (Fig. 3D). These results support the conclusion that engagement of TLR is an initial event that promotes NF-κ B 
activation and hence the synthesis of proinflammatory genes in endothelial cells exposed to CsA or tacrolimus.
TLR4 is a specific target of CNIs in endothelial cells. Based on results obtained in endothelial cells 
with silenced MyD88, we searched for specific TLRs that could mediate the proinflammatory effects of CNIs. We 
focused on TLR4 because of its inherent relevance in vascular disease24. Pharmacological inhibition of TLR4 with 
CLI-095, which specifically blocks signaling from the TLR4 intracellular domain, thoroughly repressed CsA- and 
tacrolimus-induced NF-κ B/p65 nuclear translocation (Fig. 4A) and gene expression of inflammatory cytokines 
Figure 2. Proinflammatory responses elicited by CNIs in endothelial cells depend on NF-κB activation. 
(A) Representative confocal microscopy immunofluorescence images showing NF-κ B/p65 (green) nuclear 
translocation in cells stimulated for 30 min with 10 μ g/ml CsA and 20 μ g/ml Tac. Nuclei were counterstained 
with or with 4′,6-diamino-2-fenilindol (DAPI) (blue). Original magnification x400. (B) Addition of the NF-κ 
B inhibitor parthenolide 1 h before stimuli, abolished the CsA or Tac-induced CCL2, CCL5, ICAM-1 and 
VCAM-1 mRNA upregulation at 6 h. Mean ± SEM of three independent experiments. * p ≤ 0.05 vs control; 
#p ≤ 0.05 vs CsA, †p ≤ 0.05 vs Tac.
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Figure 3. CNI-induced proinflammatory responses in endothelial cells depend on MyD88 signaling. (A) The 
overall efficiency of the transfection procedure was assessed by detection of MyD88 expression by western blot in 
total protein extracts from cells transfected with a scramble siRNA (sc-siRNA) or with a MyD88 siRNA (MyD88-
siRNA). After transfection, cells were stimulated with vehicle, CsA or Tac for 24 h. The figure is a representative 
experiment showing an almost undetectable expression of MyD88 in MyD88-siRNA transfected cells compared 
to expression levels in cells transfected with the sc-siRNA. CsA or Tac did not significantly change MyD88 
expression. β -actin was used as protein loading control. (B,C) Secretion of CCL2 and ICAM-1 was evaluated by 
ELISA in supernatants from control cells or from sc-siRNA or MyD88-siRNA transfected cells stimulated with 
CsA, Tac or vehicle for 24 h. Functional efficiency of MyD88 silencing was assessed in cells stimulated for 24 h with 
1 μ g/ml LPS, used as a control. Bar graphs represent the Mean ± SEM of a set of six independent experiments. 
(D) Activation of the MyD88-dependent NF-κ B pathway assessed by phosphorylated Iκ Bα (p-Iκ Bα ) and RelA/
p65 (p-p65) levels in total protein extracts from sc-siRNA or MyD88-siRNA MS1 transfected cells treated with 
20 μ g/ml Tac. Image shows representative western blots of p-Iκ Bα and p-p65 from sets of four independent 
experiments for each protein and the corresponding quantification bar graphs depict the mean ± SEM. A control 
western blot showing the lack of MyD88 expression in this experiment is also showed at the figure bottom. GAPDH 
was used as protein loading control. * p < 0.05 vs control (siRNA control); #p < 0.05 vs CsA or Tac (siRNA-MyD88).
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represented by CCL2, CCL5, TNF-α and IL-6 (Fig. 4B) and adhesion molecules, including VCAM-1, ICAM-1 
and SELE (Fig. 4C). These results indicate a key role of TLR4 promoting CNI-induce endothelial inflammation, 
since this response was almost completely inhibited by the receptor blockade.
The preceding results show that in endothelial cells, CNIs activate TLR4 to transduce input signals into 
MyD88-dependent proinflammatory effects. To study whether CNI also activate a MyD88-independent path-
way, we tested for phosphorylation of the transcription factor IRF3, which is activated following TLR4/TRIF 
Figure 4. Pharmacological inhibition of TLR4 blocked proinflammatory responses induced by CsA 
and tacrolimus in endothelial cells. Cells were incubated with 10 μ g/ml CsA or 20 μ g/ml Tac alone or in the 
presence of the TLR4 inhibitor, CLI095 (added 6 h before the CNIs). (A) Activation of NF-κ B was assessed 
through the nuclear translocation of the NF-κ B/p65 subunit detected by immunofluorescence confocal 
microscopy. Control cells show a cytoplasmic NF-κ B/p65 staining (green) whereas in cells stimulated with CsA 
or Tac, NF-κ B/p65 was mostly located inside nuclei. By contrast, the TLR4 inhibitor CLI-095 prevented nuclear 
translocation of NF-κ B/p65. Cells were also stimulated with TNF-α (30 ng/ml) alone as a positive control of 
NF-κ B activation or preincubated with CLI-095 to prove that TLR4 inhibition does not interfere with TNF-α 
-mediated NF-κ B/p65 translocation. (B,C) Transcriptional levels of proinflammatory cytokines (CCL2, CCL5, 
TNF-α , IL-6) (A) and endothelial activation markers (ICAM-1, VCAM1, SELE) (B) were evaluated by qRT-PCR. 
Data are mean ± SEM of three independent experiments. * p ≤ 0.05 vs control; #p ≤ 0.05 and †p ≤ 0.05 vs CsA or 
Tac, respectively.
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engagement, in endothelial cells exposed to CsA or tacrolimus. Immunoblot assays disclosed a rapid increase of 
IRF3 phosphorylation from 15 minutes after addition of CsA or tacrolimus (Fig. 5A). Moreover, CsA and tac-
rolimus also activated the transcription of the IRF3 target INFβ 1, and also of the INFβ 1-regulated proteins IRF1 
and IRF7 (Fig. 5B). Thus, these results support the hypothesis that CNIs also trigger the MyD88-independent 
pathway by recruiting IRF3 at proximal TRIF-adapted TLR4 signaling complexes. Finally, we studied whether 
TRIF-dependent signaling influenced MyD88-dependent responses. To this end, before incubation with CNIs, 
endothelial cells were treated with Resveratrol to inhibit the assembly of TBK1 and RIP1 kinases in TLR4-TRIF 
complexes and hence avoid IRF3 activation25. Resveratrol significantly reduced CCL2 gene expression, thus sup-
porting that the TRIF-dependent TLR4 pathway also contributes to the overall CNI-dependent proinflammatory 
response triggered by TLR4 engagement in endothelial cells (Fig. 5C).
Calcineurin knockdown partially inhibits the activation of TLR4-dependent pathway elicited 
by CNIs in endothelial cells. The role of calcineurin in CNI-induced proinflammatory endothelial events 
was specifically addressed by gene silencing of the α isoform of the catalytic subunit, thus preventing calcineu-
rin activation and calcineurin stabilization by impeding the interaction of CNI-cyclophilin complexes with the 
regulatory calcineurin B subunit26,27. In comparison with control cells transfected with the scramble siRNA, cal-
cineurin expression was significantly reduced in endothelial cells transfected with a specific calcineurin siRNA 
(Fig. 6A). Calcineurin knockdown did not modify CCL2 and ICAM1 secretion by itself but partially inhibited the 
CNI-induced CCL2 and ICAM1 secretion into the cell culture media (Fig. 6B). To test whether TLR4 signaling 
modulation by calcineurin is a general mechanism, we stimulated the cells with the specific TLR4 ligand LPS. 
Accordingly, a quantitatively similar inhibition of CCL2 and ICAM1 production was observed in LPS-treated 
calcineurin silenced endothelial cells (Fig. 6B). Consistent with the partial reduction of CNI-induced CCL2 and 
ICAM1 secretion, calcineurin silencing barely downregulated Iκ Bα activation and furthermore, it did not modify 
p65 phosphorylation, an important event to enhance inflammatory gene transcription, in response to tacrolimus as 
representative CNI (Fig. 6C). However, activation of the TRIF-dependent pathway induced by CsA and tacrolimus, 
assessed by detection of phosphorylated IRF3 by western blot, was completely prevented by calcineurin deficiency 
(Fig. 6D). Overall, these results show that calcineurin absence can downregulate, at least in part, TLR4-derived 
proinflammatory signals evoked by the CNIs. Thus, normal calcineurin expression could heighten this response.
CNIs induce proinflammatory cytokine production and endothelial activation in isolated mice 
aortas and VSMCs. CNIs alter vascular homeostasis by causing endothelial dysfunction, increased extracel-
lular matrix deposition and hypertension. Subtle endothelial inflammation may contribute to these vascular wall 
pathogenic processes; however, a proinflammatory effect of CNIs on vascular tissue has not yet been explored. 
In ex vivo aorta cultures, CsA activated NF-κ B as indicated by the increased expression and nuclear transloca-
tion of the NF-κ B/p65 subunit in both endothelial cells (Fig. 7A) and VSMC (Fig. 7B). Similar behavior of p65 
was also observed when aortas were treated with tacrolimus (data not shown). Likewise, CsA and tacrolimus 
also increased mRNA levels encoding NF-κ B-regulated proinflammatory cytokines involved in vascular injury, 
including CCL2, CCL5, IL-6 and TNF-α (Fig. 7C). Moreover, CsA and tacrolimus also increased the mRNA 
expression of the endothelial activation marker ICAM-1 and the vascular dysfunction marker endothelin-1 
(ET-1) (Fig. 7D). To explore whether CNI-induced proinflammatory effects on vascular tissue require TLR4 
activation, a pharmacological approach was used. Pretreatment of mice aortas with CLI-095 significantly pre-
vented both NF-κ B activation (Fig. 7A,B) and hence the increased proinflammatory gene expression promoted 
by the CNIs (Fig. 7C,D). Interestingly, pharmacological TLR4 inhibition also prevented CNI upregulation of 
ET-1 mRNA expression, a key factor involved in the endothelial dysfunction (Fig. 7D). To reinforce these results, 
studies were done in aortas from TLR4−/− mice. CsA or tacrolimus stimulation did not upregulate CCL2, IL6, 
ICAM-1 or ET-1 gene expression in isolated aortas from TLR4−/− mice, thus confirming that TLR4 is a key 
intermediary of pathological vascular responses to CNI. Importantly, TLR4 deficient aortas were still responding 
to the inflammatory cytokine TNF-α , a not TLR4 ligand, as revealed by the increased CCL2, IL-6, ICAM-1 and 
ET-1 mRNA levels (Fig. 7E).
VSMCs play a central role in vascular inflammation and injury and may be a CNI target. Thus, we explored 
whether VSMCs contribute to the CNI-induced aortic inflammation. As in the case of endothelial cells and aorta, 
VSMCs increased CCL2, IL-6 and TNF-α mRNA levels in response to CNIs and this was prevented by TLR4 
inhibition (Fig. 7F). This result suggests that activation of the TLR4 pathway by CNIs is highly conserved in the 
most relevant cell types of the vascular wall.
CNI-produced inflammation is linked to TLR4-dependent ROS production. Oxidative stress is a 
key mediator of inflammation in vascular disease so we explored whether CNIs increased reactive oxygen species 
(ROS) production in ex vivo cultured aortas exposed to CNIs alone or following exposure to CLI-095. Compared 
to untreated control aortas, those exposed to CsA showed an increased O2−/ROS production, mainly located to 
VSMCs but also detectable in endothelial cells (Fig. 8A). By contrast, pre-treatment with CLI-095 before CsA 
addition prevented ROS production as assessed by DHE staining, proving that TLR4 activation regulates O2−/ROS 
production (Fig. 8A). Similar results were obtained when aortas were incubated with tacrolimus (data not shown).
The precise contribution of TLR4-dependent O2−/ROS increases to CNI-induced vascular inflammation 
was further evaluated in endothelial cells chosen as model of CNI-induced TLR4 signaling. Similar to aorta 
experiments, pharmacological TLR4 inhibition also repressed O2−/ROS production as assessed by DHE stain-
ing (Fig. 8B). Further, the NADPH inhibitors apocinin and DPI prevented the the upregulated CCL2, CCL5, 
VCAM-1 and ICAM-1 mRNA expression induced by CsA and tacrolimus (Fig. 8C). Altogether, these results 
point to oxidative stress and O2−/ROS production as a contributor to CNI-induced vascular inflammation and 
localized O2−/ROS formation downstream of TLR4 activation.
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Figure 5. CsA and tacrolimus activate the TLR4/TRIF-dependent signaling pathway in endothelial cells. Cells 
were treated with CsA or Tac as in the preceding figures. (A) Representative western blots of the phosphorylated 
IRF3 (p-IRF3) using total protein extracts from cells treated with CsA or Tac for 15 to 60 min. Bar graphs represent 
the mean ± SEM from three independent experiments. * p ≤ 0.05 vs control. (B) Activity of the TRIF pathway was 
assessed by qRT-PCR quantification of IRF3 target gene (INFβ 1, IRF7, IRF1) mRNA in cells stimulated with CsA or 
Tac for 6 h . Data expressed as mean ± SEM of fold-change over control of at least three independent experiments. 
* p ≤ 0.05 vs control. (C) TRIF pathway and proinflammatory response. Cells were stimulated with CsA or Tac for 
6 h following pretreatment with 50 μ M resveratrol. CCL2 mRNA expression was assessed by qRT-PCR. Bar graph 
represents mean ± SEM from three independent experiments. * p ≤ 0.05 vs control; #p ≤ 0.05 vs CsA, †p ≤ 0.05 vs Tac.
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Figure 6. CNI proinflammatory activity in endothelial cells is partially dependent on calcineurin. Cells 
were transfected with a control scrambled siRNA (sc-RNA) of with a specific calcineurin siRNA (CaN-siRNA) 
and then stimulated with CsA or Tac to assess the efficiency of the silencing procedure (A), the magnitude of the 
overall proinflammatory response (B) or the activation of NF-κ B signaling (C). (A) Representative western blot 
showing calcineurin expression in control sc-siRNA or in CaN-siRNA cells stimulated with vehicle, CsA or Tac 
for 24 h. β -actin was used as protein loading control. (B) CCL2 and ICAM-1 ELISA in supernatants of sc-siRNA 
or CaN-siRNA transfected cells stimulated with CsA or Tac for 24 h. As positive control for TLR4 signaling cells 
were also stimulated with 1 μ g/ml LPS. Quantification graphs represent the mean ± SEM of six independent 
experiments. * p < 0.05 vs sc-siRNA; #p < 0.05 vs Calcineurin-siRNA. (C) Comparative levels of calcineurin, 
phosphorylated Iκ Bα (p-Iκ Bα ) and NF-κ B/p65 (p-p65) in control, sc-siRNA or in CaN-siRNA transfected cells 
stimulated with Tac for 24 h. Image shows representative western blots from three independent experiments 
and the corresponding quantification bar graph. * p < 0.05 vs control (siRNA control); #p < 0.05 vs CsA or Tac 
(siRNA-Calcineurin). GAPDH was used as protein loading control.
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Figure 7. CNI induce inflammation in wild-type aortas but not in aortas from TLR4−/− mice. Aorta tissue 
segments extracted from wild-type or TLR4−/− C57BL/6 mice were stimulated for 6 h with 10 μ g/ml CsA 
or 20 μ g/ml Tac. CLI-095 was added 6 h before stimulation with the CNIs. (A,B) Confocal microphotographs 
showing NF-κ B/p65 content and location in control or CsA or CsA plus CLI-095 treated aortic sections from wild-
type mice. Activation of NF-κ B/p65 was detected by intensification of the specific red fluorescence in cytoplasm 
and nucleus of either endothelial cells recognized by CD31 staining (green fluorescence surrounding the cell 
borders) (A) or VSMC cells expressing α SMA (cytoplasmic green fluorescence) (B). Endothelial cells were found 
lining the intima layer and facing the lumen and VSMC located in the media layer. Yellow asterisks point cells with 
nuclear translocation of p65 and white asterisks indicate cells with increased cytoplasmic p65 expression. White 
arrows point endothelial and VSMC without increased expression of p65 in control or CLI095 treated aortas. 
White arrowheads in A show elastin fibers (green autofluorescence) which otherwise are not apparently visualized 
in B because the much higher α SMA specific fluorescence. Nuclei were counterstained with DAPI. Original 
magnification x630. (C,D) Gene expression of CCL2, CCL5, IL-6, TNF-α (left panel) and ICAM-1, ET-1(right 
panel) in cultured aorta sections from wild-type mice exposed to CsA or Tac alone or in the presence of CLI-095. 
Data are expressed as mean ± SEM of 4 samples. * p < 0.05 versus control non-stimulated aortas; #p < 0.05 vs 
CsA or Tac treated aortas. (E) Gene expression of CCL2, IL-6, ICAM-1 and ET-1 in cultured aorta sections from 
TLR4−/− mice exposed to CsA, Tac or TNF-α . Data are the mean ± SEM of 4 samples. * p < 0.05 versus control 
non-stimulated aortas. (F) CCL2, IL-6 and TNF-α mRNA expression in VSMC stimulated for 6 h with 10 μ g/ml 
CsA or 20 μ g/ml Tac alone or pretreated with vehicle or CLI-095. Data represent the mean ± SEM of at least three 
independent experiments. * p ≤ 0.05 vs control; #p ≤ 0.05 and †p ≤ 0.05 vs CsA or Tac alone, respectively.
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Figure 8. Activation of the TLR4 pathway by CsA and tacrolimus increases the production of O2−/ROS 
as inflammation mediator in aorta and endothelial cells. (A) Confocal photomicrographs of aortic tissue 
sections treated with 10 μ g/ml CsA for 6 h showing an increased O2−/ROS production measured as DHE 
staining (red fluorescence). Elastin auotofluorescence (green) shows the structure of the artery that contrast 
with the red fluourescence indicating that O2−/ROS was mainly located in VSMCs (media layer) and also in 
endothelial cells (intima layer). White arrowhead shows DHE positive VSMCs and asterisk point DHE positive 
www.nature.com/scientificreports/
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Discussion
We have shown that CNIs modulate vascular behaviour by inducing proinflammatory events, namely endothelial 
activation as well as production of inflammatory cytokines, through TLR4 activation and ROS generation in 
endothelial cells and VSMC as well as in aortic tissue.
The role of the innate immunity and associated inflammatory mechanisms in the development of the vascular 
adverse effects of CNIs had not been specifically addressed previously. Vascular inflammation is a central process 
underlying endothelial dysfunction, vascular damage and progression of cardiovascular disease28,29. Recent stud-
ies from our group disclosed that CNIs promote tubular inflammation in kidneys10. The present research demon-
strated that CNIs also have proinflammatory effects on endothelial cells and VSMC, thus widening the spectrum 
of cell types susceptible to the inflammatory action of CNIs. A prior report explored the modulation by CsA 
of TNF-α /LPS-induced endothelial cell inflammation and observed that CsA promoted inflammation-induced 
monocyte adhesion to human intestinal endothelial cells but paradoxically, reduced inflammation-induced iNOS 
activation and adhesion molecule expression30. Our results demonstrating that CNIs by themselves increased the 
expression of a complete spectrum of endothelial activation markers and inflammation mediators in cultured 
endothelial cells and murine aortas in a TLR4-dependent manner provide a better understanding of CNI-induced 
vascular injury and provide a knowledge frame to explain prior observations. Thus, direct induction of endothe-
lial activation and cytokine production by CNIs may contribute to allograft vascular injury as well as to 
nephrotoxicity. While endothelial injury and inflammation negatively impact on normal VSMCs function, an 
inflammatory response from VSMC may also contribute to endothelial injury and dysfunction. Results obtained 
in isolated aortas and cultured VSMC point to a potential role of aorta-generated inflammatory cytokine, such as 
IL-6 and TNF-α , secreted in response to CNIs, in an autocrine or paracrine loop resulting in additional endothe-
lial activation, cytokine production and worsening of the systemic vascular function13,29.
NF-κ B is the major mediator of the inflammatory response in vascular cells and other cell types, and as such, it 
is an attractive target for chemoprevention of inflammatory diseases22,31. NF-κ B expression correlates with upreg-
ulation of chemokines in human cardiovascular disease and in experimental models of vascular damage22,28,32–34. 
We previously demonstrated that CNIs activate NF-κ B in renal tubular cells in vitro and in a mouse model of CsA 
nephrotoxicity10. In the present work, by means of pharmacological inhibition of Iκ B kinase and Iκ Bα stabili-
zation with parthenolide, we showed that NF-κ B mediates the CNI-induced synthesis of key proinflammatory 
cytokines and adhesion molecules in endothelium. Moreover, CNIs activated NF-κ B in the entire vascular wall, 
including VSMC. This is relevant for CNI toxicity since NF-κ B inhibition with parthenolide prevents experimen-
tal atherosclerosis and renal damage33,35,36. Thus, synthetic or naturally occurring NF-κ B small molecule inhibi-
tors should be explored to prevent CNI-induced vascular inflammation.
Increased activity or expression of TLRs, particularly TLR4, has been associated with vascular inflamma-
tion19,37,38. In accordance with previous observations from our group on CNI-induced TLR activation in tubular 
cells, MyD88 silencing in endothelial cells prevented the induction of proinflammatory and endothelial activation 
markers by CsA and tacrolimus. MyD88 is an adaptor protein that participates in the formation of proximal com-
plexes with TLR2 and TLR412,39. However, in our experiments, cultured endothelial cells did not respond to the 
TLR2 agonist lipoteichoic acid (data not shown). This allowed focusing research on the role of the TLR4 pathway 
in the proinflammatory effects of CNIs. Both pharmacological and genetic targeting of TLR4 confirmed its role in 
CNI-induced inflammatory responses in endothelial and vascular cells. Remarkably, TLR4 was also required for 
CNI-induced ET-1 gene expression. ET-1 is a potent vasoconstrictor peptide involved in hypertension40. This result 
reinforces the idea of endothelial inflammation, activation and dysfunction being related phenomena in response 
to CNIs and disclosed a central role of TLR4 as a gatekeeper controlling all of these responses in vascular cells.
We also identified oxidative stress as a key event downstream of TLR4 in aortic endothelial and vascular cells 
exposed to CNIs. Oxidative stress contributed to the CNI-induced synthesis of proinflammatory mediators and 
endothelial stress markers. A pathway implying a TLR4-dependent ROS formation, NF-κ B activation and inflam-
mation was reported in VSMCs subjected to AngII treatment18,23. CsA is a well-known inducer of oxidative stress 
and cell damage in the vasculature, and notably, in renal tissue41,42 Likewise, previous work from our laboratory 
showed that ROS mediate CsA-induced cell death in endothelial cells through activation of the JAK2/STAT3 
pathway43. Moreover, it is well known that JNK is activated by oxidative stress44. In endothelial MS1 cells, both 
JAK2 and JNK are activated by CNIs and their inhibition results in the blockade of the CNI-provoked proinflam-
matory responses (data not shown). Downstream transcription factors of these protein kinases, namely STAT3 
and AP-1, an even their activating protein kinases, interact with NF-κ B to activate inflammatory responses45–47. 
Thus, our present results strongly suggest a role of redox imbalance and ROS generation in the TLR4-dependent 
signaling and NF-κ B-dependent inflammation.
The observation that vascular and kidney toxicity profiles of CsA and tacrolimus are similar in experimental 
models and humans, suggests that their interaction with calcineurin could be a common element involved in 
endothelial cells, which are showed at a larger augment (inset). Aortas subjected to pharmacological TLR4 
inhibition with CLI-095 show a lesser DHE staining. Original magnification x630. (B) Representative confocal 
photomicrographs of O2−/ROS production measured as DHE positive staining in murine endothelial MS1 cells 
treated with 10 μ g/ml CsA (A) or 20 μ g/ml Tac for 6 h. Cells subjected to pretreatment with CLI-095 before 
CsA or Tac stimulation exhibit a basal DHE staining after treatment with CsA or Tac. (D) Gene expression of 
proinflammatory factors and adhesion molecules (CCL2, CCL5, VCAM-1 and ICAM-1) was assessed by PCR 
in MS1 cells treated with 10 μ g/ml CsA (A) or 20 μ g/ml Tac for 6 h, both in the presence or in the absence of the 
NADPH inhibitors Apocinin (10 mM) and DPI (10 μ M) added 1 h before the stimuli. The bar chart represent 
the Media ± SEM of a set of three independent experiments. * p ≤ 0.05 vs control; #p ≤ 0.05 and †p ≤ 0.05 vs CsA 
or Tac alone, respectively.
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the CNIs adverse effects. In endothelial cells, the interaction of CNIs with calcineurin is required for decreasing 
eNOS activity and NO content. However, calcineurin was dispensable to increase TGFβ receptor expression and 
arteriolar hyalinosis or to potentiate the LPS-induced leukocyte binding to endothelium, as suggested by similar 
results obtained with rapamycin9,30,48. In macrophages, unlike in T cells, calcineurin hindered NF-κ B and IRF 
activation by inhibiting TLR-mediated signaling through MyD88 and TRIF, and calcineurin targeting by genetic 
means or by CNIs resulted in increased synthesis of proinflammatory cytokines49. In the present manuscript, 
unlike in macrophages, calcineurin deficiency did not increase proinflammatory factor secretion. By contrast, 
it partially inhibited but did not impede the overall CNI-induced proinflammatory response, suggesting that 
binding of CNIs to calcineurin may enhance the proinflammatory effect, but is not an absolute requirement. In 
accordance with this result, calcineurin deficiency mildly reduced evidence of NF-κ B activation at the Iκ Bα phos-
phorylation level, but this fact did not result in modification of p65 phosphorylation/activation. This observation 
is in agreement with the reported phosphorylation of p65 at Ser536 being independent of Iκ Bα 50. Moreover, 
according to the proposed role of Ser536 p65 phosphorylation promoting inflammatory gene expression51, main-
tenance of Ser536 p65 phosphorylation was associated to a largely preserved inflammatory gene expression fol-
lowing CNI exposure. By contrast, our results revealed that calcineurin deficiency abolished the CNI-induced 
TRIF signaling. The TRIF pathway promotes sustained NF-κ B-dependent responses following TLR4/MyD88 
signaling52. In this manner, we could envisioned a role of calcineurin suppressing long lasting activation of TLR4 
and the loss of this inhibitory feedback as a possible mechanism contributing to exacerbation of CNI toxicity. 
Overall, this set of results show that calcineurin availability is not an absolute requirement, but it may contribute 
to CNI-induced proinflammatory events in endothelial cells. Thus, interaction with calcineurin could stabilize 
CNIs inside cells and increase toxicity.
In conclusion, we have shown that TLR4 mediates endothelial inflammation, activation and dysfunction 
induced by CNIs. These effects appear to be dependent on the TLR4/MyD88/NF-κ B and TLR4/TRIF/NF-κ B path-
ways and involved oxidative stress generation downstream of TLR4 and upstream of NF-κ B activation. Although 
calcineurin expression appeared to heighten CNI-mediated TLR4 signaling and hence NF-κ B-dependent 
cytokine and adhesion protein synthesis to some extent, this final proinflammatory effect was largely observed 
even in calcineurin-deficient cells. By contrast, results showed that TLR4 is an essential mediator of CNI proin-
flammatory effects in the vasculature. The association between TLR4 inactivation and improving of cardiovascu-
lar disease is becoming increasingly clear from a range of animal models dealing with this topic17,18,53,54. Indeed, 
TLR4 blockade arises as potential therapy against many manifestations of transplant and CNI-associated vascular 
disease, including inflammation, hypertension and atherosclerosis. CNI immunosuppression is presently una-
voidable to overcome allograft rejection, although prevention of CNI toxic side effects, including vascular toxicity, 
is yet an unmet necessity. Adjuvant therapies could be an acceptable strategy to improve immunosuppression 
based on CNIs. In such a way, TLR4 inhibition could be envisioned as a potential therapeutic approach for pre-
vention of CNI-associated vascular toxicity after transplant.
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